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ABSTRACT
B ar ium  i s  one o f  t h o s e  l e s s  u b i q u i t o u s  b u t  p o t e n t i a l l y  h a r m f u l  
c o n t a m i n a n t s  i n  t h e  e n v i r o n m e n t .  I t s  p r e s e n c e  i n  t h e  e n v i ro n m e n t  
h a s  b e e n  d e m o n s t r a t e d .  However ,  s e c u r i n g  r e l i a b l e  i n f o r m a t i o n  
a b o u t  i t s  c o n c e n t r a t i o n  i s  ham pered  by l a c k  o f  a s e n s i t i v e ,  s i m p l e ,  
a c c u r a t e  method o f  a n a l y s i s .  The methods  o f  d e t e r m i n a t i o n  o f  t r a c e  
c o n c e n t r a t i o n s  o f  b a r iu m  h a v e  b e e n  r e v i e w e d .
T h i s  p r e s e n t  w ork  p r e s e n t s  a s i m p l e ,  s e l e c t i v e ,  s e n s i t i v e  
method f o r  t h e  d e t e r m i n a t i o n  o f  b a r iu m  i n  aqueous  s y s t e m s .  The 
method combines  t h e  s o l v e n t  e x t r a c t i o n  o f  th e  b a r iu m  h e x a f l u o r o -  
a c e t y l a c e t o n a t e  i n t o  i s o a m y l  a c e t a t e  w i t h  a to m ic  a b s o r p t i o n  d e t e r ­
m i n a t i o n  o f  b a r iu m .  T h i s  c o m b i n a t i o n  o f  methods  i n c r e a s e s  t h e  
s e n s i t i v i t y  o f  t h e  b a r iu m  d e t e r m i n a t i o n  by two o r d e r s  o f  m a gn i tude  
f rom 0 . 3  M-g/ml/$, t o  0 .0 0 5  M - 8 as  measured  f rom th e  c o n c e n t r a ­
t i o n  i n  t h e  aqueous  p h a s e .  I t  a l s o  p r e s e n t s  a q u i c k  method o f  
d e t e r m i n i n g  b a r iu m  a t  c o n c e n t r a t i o n s  a s  low a s  0 .0 1 5  jj,g/ ml j t h i s  
i s  w i t h i n  t h e  r a n g e  found  i n  n a t u r a l  w a t e r s .
A t t e m p t s  t o  remove o r  mask sod ium o r  p o t a s s i u m  w ere  u n s u c c e s s ­
f u l .  I t  was found  n e c e s s a r y  t o  u s e  a c o n c e n t r a t i o n  o f  1 , 0 0 0  lig/ml 
o f  p o t a s s i u m  i n  t h e  aq u eo u s  p h a s e .  The p o t a s s i u m  e x t r a c t e d  i n t o  
t h e  o r g a n i c  p h a s e  and a c t e d  a s  a n  i o n i z a t i o n  b u f f e r  i n  t h e  a b s o r p ­
t i o n  o f  b a r i u m .  Sodium was shown t o  have  no f u r t h e r  b u f f e r i n g  
e f f e c t .
The a b s o r p t i o n  o f  b a r iu m  was shown t o  be a d i r e c t  f u n c t i o n  o f
v
t h e  e x t r a c t i o n  o f  p o t a s s i u m  w hich  i s  d e p e n d e n t  upon pH. The c a l i ­
b r a t i o n  c u r v e  showed l i n e a r i t y  f rom 0 .0 1 5  p>g/ml t o  1 . 0  p,g/ml.  T h i s
H" 4* 4" *4*method c a n  t o l e r a t e  Be2 , Mg2 , A l 3 and Co2-- a t  t h e  h u n d r e d - f o l d
- f .
l e v e l .  Among t h e  o t h e r  common io n s  t e s t e d  o n ly  Cr3 and Mn2 gave 
s i g n i f i c a n t  i n t e r f e r e n c e  a t  t h e  t h o u s a n d - f o l d  l e v e l .  T a r t r a t e  was
o+ eff­
used  t o  mask the  Pb i n t e r f e r e n c e  and Fe was masked w i t h  d i ­




PART I  INTRODUCTION
BARIUM AS PRESENT IN THE ENVIRONMENT
METHODS FOR THE DETERMINATION OF BARIUM AS A TRACE 
ELEMENT
ATOMIC ABSORPTION PARAMETERS OPTIMIZED FOR 
BARIUM SENSITIVITY
CHAPTER 1
BARIUM AS PRESENT IN THE ENVIRONMENT
The a c h i e v e m e n t  o f  any  m a jo r  g o a l  comes a b o u t  by a p r o g r e s s i o n  
o f  s t e p s  i n  t h a t  d i r e c t i o n ,  some g i a n t ,  some m eager .  The g o a l  c h a l ­
l e n g i n g  t h e  w o r ld  community t o d a y  i s  t o  r e s t o r e  ou r  damaged e n v i ­
ro n m e n t .  A c o n t a m i n a n t  i d e n t i f i e d  and i t s  d e g r e e  o f  c o n t a m i n a t i o n  
made known i s  one s t e p  i n  a c o n c e r t e d  e f f o r t .
The N a t i o n a l  A i r  P o l l u t i o n  C o n t r o l  A d m i n i s t r a t i o n  r e c e n t l y  
d i r e c t e d  a t t e n t i o n  t o  a f a c e t  o f  a h e a l t h f u l  e n v i r o n m e n t .  "As c o n ­
c e r n  f o r  a i r  q u a l i t y  g ro w s ,  so  does  c o n c e r n  o v e r  th e  l e s s  u b i q u i t o u s  
b u t  p o t e n t i a l l y  h a r m f u l  c o n t a m i n a n t s  t h a t  a r e  i n  ou r  a t m o s p h e r e . " 1 
B ar ium  i s  one o f  t h e  t h i r t y  such  p o l l u t a n t s  i d e n t i f i e d .
B a r ium  e x i s t s  n a t u r a l l y  i n  t h e  e n v i ro n m e n t  o n l y  i n  compounds 
w i t h  o t h e r  e l e m e n t s .  I t  i s  to o  r e a c t i v e  t o  r e m a in  i n  t h e  e l e m e n t a l  
fo rm .  I t  i s  found i n  t h e  r a n g e  o f  330 -  1600 ppm i n  u p p e r  ig n e o u s  
r o c k ,  i n  s h a l e  a t  c o n c e n t r a t i o n s  o f  580 ppm, b u t  e s p e c i a l l y  i n  c l a y  
a t  2300 ppm. 2
The main  s o u r c e  o f  o u r  com m erc ia l  s u p p l y  o f  b a r iu m  i s  t h e  
m i n e r a l  b a r i t e  (b a r iu m  s u l f a t e ,  BaSO.^). I t  i s  found i n  beds  i n  
s e d i m e n t a r y  f o r m a t i o n s ,  i t  may r e m a in  a s  a n o d u le  i n  t h e  w e a t h e r i n g  
p r o c e s s ,  o r  a p p e a r  a s  gangue w i t h  o t h e r  m i n e r a l s .  M i s s o u r i ,  
A r k a n s a s ,  G e o rg i a  and Nevada p ro d u c e  most  o f  t h e  n a t i o n ' s  s u p p l y  of  
b a r i t e .  T r a c e  q u a n t i t i e s  o f  b a r iu m  a r e  found a l s o  i n  c o a l . 3
T y p i c a l  fo rms  o f  m in in g  b a r i t e  i n c l u d e  open p i t  m i n i n g ,  e i t h e r  
power s h o v e l i n g  o r  b l a s t i n g ,  h y d r a u l i c  m in in g  o r  un d e rg ro u n d  m i n in g .
The m i n e r a l  i s  t h e n  g round  and c r u s h e d  f o r  u s e ;  90  p e r c e n t  i s  used  
i n  o i l - w e l l  d r i l l i n g ,  t h e  r e m a i n d e r  f o r  b a r iu m  c h e m i c a l s .1 W hi le  
i n s o l u b l e  BaSC>4 i s  a d m i n i s t e r e d  o r a l l y ,  a s  an  opaque  s u s p e n s i o n  f o r  
x - r a y  e x a m i n a t i o n  o f  t h e  g a s t r o - i n t e s t i n a l  t r a c t  and no h a rm fu l  
r e s u l t s  h ave  b e e n  r e p o r t e d ,  s o l u b l e  b a r iu m  compounds ,  b a r iu m  c h l o r i d e  
and b a r iu m  c a r b o n a t e  h a v e  b e e n  r e p o r t e d  t o  be t o x i c .  I f  i n g e s t e d  
t h e  symptoms p ro d u c e d  a r e  s e v e r e  ab d o m in a l  p a i n ,  r a p i d  p u l s e ,  and 
p a r a l y s i s .  I f  ex p o s ed  e x t e r n a l l y ,  t h e  u s u a l  r e s u l t  i s  i r r i t a t i o n  o f  
e y e s ,  n o se  and t h r o a t  and o f  t h e  s l c i n . 4
W orkers  s u b j e c t  t o  i n h a l a t i o n  o f  th e  d u s t  f rom b a r iu m  compounds 
have  d e v e l o p e d  r e s p i r a t o r y  i r r i t a t i o n .  I n s t a n c e s  o f  t h i s  a f f l i c t i o n ,  
r e f e r r e d  t o  a s  b a r i t o s i s ,  have  o c c u r r e d  among mine w o r k e r s  i n  t h e  
U n i t e d  S t a t e s  and o t h e r  c o u n t r i e s . 4
A summary o f  t h e  t o x i c i t y  and th e  u s e s  o f  t h e  more i m p o r t a n t  
b a r iu m  compounds i s  p r e s e n t e d  i n  T a b l e  1 .  A c c o r d i n g  t o  Grabowslci 
and U n ic e ,  t h e  p r e s e n c e  o f  b a r iu m  i n  n a t u r e  i s  w i d e s p r e a d .  However,  
a n a l y t i c a l  d a t a  on i t s  a bundanc e  i s  u n r e l i a b l e  i n  many i n s t a n c e s  i n  
w h ich  t h e  c o n c e n t r a t i o n  o f  t h e  e l e m e n t  a p p r o a c h e s  t h e  d e t e c t i o n  
l i m i t  o f  t h e  method e m p lo y e d . 5
S e v e r a l  s t u d i e s  o f  t h e  b a r iu m  c o n c e n t r a t i o n  i n  t h e  o ceans  have 
been  c o m p l e t e d .  Chow and G o ld b e r g 6 ( i 9 6 0 ) r e p o r t e d  a v a r i a t i o n  w i t h  
d e p t h  a t  s t a t i o n s  i n  t h e  P a c i f i c  Ocean o f  0 . 0 1 2  p g /m l  -  O.O63 p g / m l .  
In  196^ ,  B o l t e r  and T u r e k i a n  r e p o r t e d  an a v e r a g e  o f  0 . 0 1 3  pg /m l  
f o r  s i x  s t a t i o n s  i n  t h e  West  A t l a n t i c  and I n d i a n  O c e a n . 7 T u r e k i a n  
and J o h n s o n 8 i n  I 966  r e p o r t e d  th e  mos t  c o m p re h e n s iv e  s t u d y  o f  t h e  
p r e s e n c e  o f  b a r iu m  i n  t h e  o cea n s  t o  d a t e .  They made o v e r  two h u n d re d  
f i f t y  d e t e r m i n a t i o n s  i n  a l l  t h e  o cea n s  i n c l u d i n g  t h e  A n t a r c t i c  and
TABLE 1
TOXICITY AND USES OF SOME BARIUM COMPOUNDS1
Compound T o x i c i t y Uses
B ar ium  c a r b o n a t e  
BaC03
P o i s o n o u s r a t  p o i s o n  
i n  c e r a m i c s  and 
enam els  
i n  m a n u fa c tu r e  of  
p a p e r
B ar ium  c h l o r i d e P o i s o n o u s m ord an t  f o r  a c i d  
dyes
b o i l e r  compound f o r  
s o f t e n i n g  w a t e r  
p u r i f y i n g  a g e n t  i n  
b r i n e s  
f l u x  f o r  magnesium 
a l l o y s
B ar ium  h e x a f l u o r o -  
s i l i c a t e  
B aS iF6
H i g h l y  t o x i c  e s p e ­
c i a l l y  when 
d i s s o l v e d  i n  
a l k a l i
a s  p e s t i c i d e
B ar ium  h y d r o x i d e P o i s o n o u s s y n t h e t i c  r u b b e r  
v u l c a n i z a t i o n  
d r i l l i n g  f l u i d s  
l u b r i c a n t s  
p e s t i c i d e s  
s u g a r  i n d u s t r y
Bar ium o x id e P o i s o n o u s d r y i n g  g a s e s  and 
s o l v e n t s  
l u b r i c a t i n g  o i l  
d e t e r g e n t s
Bar ium s u l f a t e N o n to x ic P h o t o g r a p h i c  p a p e r  
f i l l e r  f o r  r u b b e r ,  
l i n o l e u m ,  p a p e r  
c o a t i n g  
X - r a y  e x a m i n a t i o n
5
Long I s l a n d  Sound .  They s u g g e s t  t h a t  knowledge  o f  t h e  d i s t r i b u t i o n  
o f  b a r iu m  i s  i m p o r t a n t  i n  t h e  e l u c i d a t i o n  o f  two m a jo r  p rob lem s  o f  
m a r in e  g e o c h e m i s t r y ;  ( l )  t h e  v a r i a t i o n s  o f  Ra226 d i s t r i b u t i o n  i n  
o c e a n  w a t e r  p r o f i l e s ,  (2 ) t h e  b a r iu m  c o n c e n t r a t i o n  i n  s e a  w a t e r  as  
r e l a t e d  t o  t h e  c o n c e n t r a t i o n  i n  t h e  t o p s  o f  t h e  deep  sea  s e d i m e n t .
B a r iu m ,  a l o n g  w i t h  p o t a s s i u m ,  l i t h i u m ,  s t r o n t i u m  and manganese 
i s  found d i s s o l v e d  i n  most  o i l f i e l d  w a t e r s .  Knowledge o f  t h e  c o n ­
c e n t r a t i o n  o f  t h e  c o n s t i t u e n t s  f i l l s  s e v e r a l  needs  en u m e ra te d  by 
C o l l i n s ,9 such  a s :  (1 )  a i d  i n  s e a r c h  f o r  p e t r o l e u m ,  (2 )  i d e n t i f i ­
c a t i o n  o f  s o u r c e s  o f  i n t r u s i v e  b r i n e s ,  ( 3 ) i n c r e a s e  i n  g e o l o g i c a l  
knowledge  o f  s u b s u r f a c e  f o r m a t i o n s ,  and ( ^ )  a i d  i n  i d e n t i f y i n g  and 
l o c a t i n g  v a l u a b l e  m i n e r a l  r e s e r v e s .  The d e t e r m i n a t i o n  o f  b a r iu m  i n  
w a t e r  t o  be u sed  f o r  w a t e r  f l o o d i n g  i n  o i l f i e l d  o p e r a t i o n s  i s  
i m p o r t a n t ,  b e c a u s e  b a r iu m  w i l l  p r e c i p i t a t e  when mixed w i t h  w a t e r s  
c o n t a i n i n g  s u l f a t e  and c a u s e  s e v e r e  damage i n  a w a t e r f l o o d  
o p e r a t i o n . 9
The p r e s e n c e  o f  S o l b a r ,  a b a r iu m  p o l y s u l f i d e  f u n g i c i d e ,  on 
f r u i t  has  been  r e p o r t e d  by K r o l l e r . 10
M c L e l l a n 11 h a s  found b a r iu m  p r e s e n t  i n  c o n c e n t r a t i o n s  r a n g i n g  
f ro m  6 (J-g/g - 35 M-g/g i n a l l  s e v e n t y - s i x  sam p les  o f  a l f a l f a .
A s t u d y  o f  t h e  d i s t r i b u t i o n  o f  b a r iu m  i n  t h e  r i v e r s  o f  N o r th  
Amer ica  was r e p o r t e d  by L i v i n g s t o n e 12 i n  I 9 6 0 . He r e p o r t e d  f rom 
t h i r t y - f o u r  sam ples  from m a jo r  r i v e r s ,  a mean c o n c e n t r a t i o n  o f  5  ̂
ppb .  I n  1 9 6 7 ? Kopp and K r o v e r13 r e p o r t e d  a d i s t r i b u t i o n  o f  b a r iu m  
i n  t h e  w a t e r s  o f  t h e  U n i t e d  S t a t e s ,  b a s e d  on an  a n a l y s i s  o f  o v e r
f o u r t e e n  h u n d re d  s u r v e i l l a n c e  sy s t e m  s a m p l e s .  The r a n g e  o f  b a r iu m  
i n  s o l u t i o n  was f rom 5 (J-g/1 - 195 p-gA. They found two o r  t h r e e  
t i m e s  a s  g r e a t  a c o n c e n t r a t i o n  o f  b a r iu m  i n  s o l u t i o n  (mean H g / l )  
a s  i n  s u s p e n s i o n  (11 ( i g / l  mean) .  A r a t i o  o f  l O A ,  s o l u t i o n  to  
s u s p e n s i o n ,  was r e p o r t e d  f o r  t h e  Kanawha R i v e r  i n  low er  West  
V i r g i n i a .  T h i s  r i v e r  c a r r i e s  e f f l u e n t  f rom a c h e m ic a l  complex  
l o c a t e d  i n  t h e  w a t e r s h e d .  The A l l e g h e n y  R i v e r  w i t h  d i s c h a r g e s  of  
o i l f i e l d  b r i n e s  and a c i d  mine d r a i n a g e  was found t o  have  a r a t i o  
o f  7 / 1 .
T h e re  a r e  a number o f  b a r i u m - b a s e d  o r g a n o m e t a l l i c  f u e l  a d d i ­
t i v e s  w h ich  h a v e  been  found  e f f e c t i v e  i n  r e d u c i n g  t h e  b l a c k  smoke 
e m i s s i o n s  f rom d i e s e l  e n g i n e s . 14 The a d d i t i v e  r e a c t s  to  i n h i b i t  t h e  
d e h y d r o g e n a t i o n  o f  t h e  h y d r o c a r b o n  f u e l ,  t h u s  r e d u c i n g  t h e  c o n c e n ­
t r a t i o n  o f  c a r b o n  i n  d i e s e l  e x h a u s t .  The r e d u c t i o n  o f  c a r b o n  a l s o  
r e d u c e s  c a r b o n  d e p o s i t s  and p r o v i d e s  w e a r - p r o t e c t i o n  f o r  i n j e c t o r s  
and p i s t o n  r i n g s .15 M i l l e r ' s  s t u d i e s  a l s o  r e p o r t e d  no s i g n i f i c a n t  
d i f f e r e n c e  be tw ee n  t h e  c o n c e n t r a t i o n s  o f  ox y g en ,  c a r b o n  d i o x i d e  o r  
c a r b o n  monoxide i n  t h e  e x h a u s t  e m i s s i o n s  from f u e l s  c o n t a i n i n g  t h e  
b a r iu m  a d d i t i v e  and t h o s e  f rom e m i s s i o n s  from u n t r e a t e d  f u e l s .  
G o lo th a n 14 r e p o r t e d  no e f f e c t  on t h e  e m i s s i o n  o f  c a r b o n  monoxide o r  
n i t r o g e n  o x i d e  f rom t h e  use  o f  b a r iu m - b a s e d  a d d i t i v e s .  He a l s o  c o n ­
c l u d e d  t h a t  no s i g n i f i c a n t  i n c r e a s e  i n  t h e  e m i s s i o n  o f  p o l y n u c l e a r  
a r o m a t i c  h y d r o c a r b o n s  would  r e s u l t  from f u e l s  c o n t a i n i n g  a b a r iu m -  
b a s e d  a d d i t i v e .  G o lo th a n  r e a c h e d  t h e  f o l l o w i n g  c o n c l u s i o n s  from 
h i s  s t u d y .14
(1 ) Upto 25°/0 o f  b a r iu m  compounds c o n s i s t e d  o f  s o l u b l e
b a r iu m  a t  a s a m p l in g  p o i n t  10 f e e t  f rom t h e  e n g i n e .
( 2 )  The r a t i o  o f  f u e l  s u l f u r  t o  b a r iu m  h a s  a n o t e d  e f f e c t  
on t h e  r a t i o  o f  s o l u b l e / i n s o l u b l e  b a r i u m .  D o u b l in g  
t h e  a d d i t i v e  o r  r e d u c i n g  t h e  f u e l  s u l f u r  c o n t e n t  
i n c r e a s e d  t h e  r a t i o  s i g n i f i c a n t l y .
(3 )  The maximum amount o f  s o l u b l e  b a r iu m  i n  e x h a u s t  g a s e s ,  
e m i t t e d  a t  f u l l  l o a d ,  h a v i n g  an  a d d i t i v e  c o n c e n t r a t i o n  
o f  O.O75 p e r c e n t  by w e i g h t  o f  b a r iu m  would  be 1 2 ,0 0 0  
p-g/m3 .
F i g u r e  1 p r e s e n t s  some o f  t h e  d a t a  f rom t e s t s  c o m p le te d  by 
G o lo th a n  on b a r iu m  i n  f u e l  e m i s s i o n .
No s t a n d a r d s  have  b e e n  s e t  f o r  a m b ie n t  a i r  c o n c e n t r a t i o n s  f o r  
b a r iu m .  The A mer ican  C o n f e r e n c e  o f  G ove rnm en ta l  I n d u s t r i a l  
H y g i e n i s t s  i n  I 967  recommended an  8 - h o u r  t h r e s h o l d  l i m i t  o f  
500 pg/m3 f o r  o c c u p a t i o n a l  e x p o s u r e  t o  t h e  s o l u b l e  compounds o f  
b a r iu m  i n  a i r . 1
The N a t i o n a l  A d v i s o r y  Committee  on W ate r  Q u a l i t y  C r i t e r i a  h a s  
a c c e p t e d  a p e r m i s s i b l e  c o n c e n t r a t i o n  o f  1 .0  i^g/ml b a r iu m  i n  p u b l i c  
w a t e r  s u p p l i e s . 16
The p r e s e n c e  o f  b a r iu m  w i t h i n  t h e  e n v i r o n m e n t  h a s  been  
d e m o n s t r a t e d  by t h e  s t u d i e s  r e l a t e d  w i t h i n  t h i s  C h a p t e r .  No s t u d i e s  
h ave  b e e n  found to  d e t e r m i n e  i t s  c o n c e n t r a t i o n  w i t h i n  t h e  a t m o s ­
p h e r e ,  a l t h o u g h  i t s  p r e s e n c e  t h e r e  h a s  b e e n  v e r i f i e d . 1
FIGURE 1 SOLUBLE BARIUM EMITTED IN EXHAUST
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METHODS OF ANALYSIS FOR BARIUM AS A TRACE ELEMENT
W here ve r  b a r i u m  i s  found i n  t h e  e n v i r o n m e n t ,  w i t h  t h e  e x c e p ­
t i o n  o f  i t s  n a t u r a l  o c c u r r e n c e  i n  b a r iu m  o r e s  and r o c k  s e d i m e n t s ,  
o f  deep  s ea  s e d i m e n t s  and i n  o i l  f i e l d  b r i n e s ,  i t  i s  p r e s e n t  i n  
t r a c e  c o n c e n t r a t i o n s  a t  ppm l e v e l s .  M o re o v e r ,  a s  G rabowski  and 
U n ice  o b s e r v e ,  " A n a l y t i c a l  d a t a  on i t s  abundance  i s  u n r e l i a b l e  i n  
many i n s t a n c e s  w h e re  t h e  c o n c e n t r a t i o n  o f  t h e  e l e m e n t  a p p r o a c h e s  t h e  
d e t e c t i o n  l i m i t  o f  t h e  method e m p lo y e d . " 5 To make r e a l  w h a t  a n a l y ­
s i s  a t  t h e  ppm l e v e l  e n t a i l s ,  t h e  f o l l o w i n g  e x c e r p t  i s  r e l e v a n t :
1 ppm i s  e q u a l  t o  1 i n c h  i n  16 m i l e s ,
1 ppm i s  1 m i n u te  i n  2 y e a r s ,
1 ppm i s  a 1 -g ram  n e e d l e  i n  a t o n  o f  h a y .
1 ppm i s  one l a r g e  m o u t h f u l  o f  food  when
when compared  w i t h  t h e  food  a p e r s o n  
w i l l  e a t  i n  a l i f e t i m e  
1 ppm i s  t h e  t h e o r e t i c a l  c o n c e n t r a t i o n  t h a t  
one t e a s p o o n  o f  DDT, when s p r e a d  on f i v e  
a c r e s  o f  a l f a l f a ,  w i l l  i m p a r t  t o  h a y ,
o r
1  ppm i s  1 d r o p  i n  16 g a l l o n s ,  o r  i n  80 
" f i f t h s "  (a v e r y  d r y  m a r t i n i  i n d e e d ! )
A u th o r  unknown
9
10
A l l  t h e  known a n a l y t i c a l  m e th o d s ,  a d a p t a b l e  t o  t r a c e  a n a l y s i s  have  
b e e n  u s e d  t o  d e t e r m i n e  b a r iu m .  I n  s p e c t r o p h o t o m e t r i c  methods  t h e  
s e n s i t i v i t y  i s  d e p e n d e n t  upon t h e  p r o p e r  s e l e c t i o n  o f  c h e m ic a l  
r e a g e n t s  u s e d  i n  t h e  c o l o r  p r o d u c i n g  r e a c t i o n s .  The i n t e n s i t y  o f  
a c o l o r e d  complex  i s  i n c r e a s e d  by a d d i t i o n a l  a r o m a t i c  r i n g s  i n  the  
s t r u c t u r e .  We f i n d  t h a t  a l l  s e n s i t i v e  r e a g e n t s  f o r  b a r iu m  have  one 
o r  more a r o m a t i c  r i n g s ,  w h ich  p roduce  n o t  o n ly  g r e a t e r  s e n s i t i v i t y  
due t o  c o l o r  i n t e n s i t y  b u t  a l s o  i n c r e a s e d  s t a b i l i t y .
P o l l a r d  and M a r t i n 17 u sed  o - c r e s o l p h t h a l e i n  complexone t o  d e ­
t e r m i n e  b a r iu m  a t  c o n c e n t r a t i o n s  o f  ,00k  pg /cm2 . However b e c a u s e  
a l l  o t h e r  a l k a l i n e  e a r t h  e l e m e n t s  i n t e r f e r e d ,  i t  was n e c e s s a r y  t o  
u s e  a p r e v i o u s  s e p a r a t i o n  by p a p e r  c h r o m a to g r a p h y .  Cam eroni  and 
A l b a s i n i 23 r e p o r t e d  t h e  s i m u l t a n e o u s  m ic ro  d e t e r m i n a t i o n  o f  b a r iu m  
and c a l c i u m  u s i n g  o - c r e s o l p h t h a l e i n  w i t h o u t  p r e v i o u s  s e p a r a t i o n .
The d e t e r m i n a t i o n  was p o s s i b l e  o n ly  i n  t h e  r a n g e  o f . 1 - 2 pg  o f  
t h e  e l e m e n t s .
K o i c h i  e t  a l l s  r e p o r t e d  t h a t  a s e r i e s  o f  compounds h a v i n g  an  
o - h y d r o x y - o - s u l p h a z o  g r o u p i n g  w ere  s e n s i t i v e  to  magnesium, c a l c i u m  
and b a r i u m ,  y i e l d i n g  s e n s i t i v i t i e s  o f  0 .5  - 30 p-g/ml f o r  b a r iu m .  
S a v v i n  e t  a l 19 r e p o r t e d  a s e n s i t i v i t y  o f  0 . 1  p,g/ml f o r  b a r iu m  u s i n g  
a b i s - d i a z o  dye based  on c h r o m o t r o p i c  a c i d .  When s u l f o n i c  a c i d  
g ro u p s  w ere  used  a s  s u b s t i t u e n t s ,  s p e c i f i c a l l y  i n  2 , 7 - b i s ( o - s u l f o -  
p h e n y l a z o )  c h r o m o t r o p i c  a c i d ,  c a l l e d  S u l f o n a z o - I I I ,  i t  became a 
s e l e c t i v e  r e a g e n t  f o r  b a r iu m .  Only s t r o n t i u m  i s  l i s t e d  a s  i n t e r ­
f e r i n g .
11
Budes ins lcy  e t  a l , 2 °  u s i n g  D i m e t h y l s u l f o n a z o - I I I  to  i n c r e a s e  t h e  
a b s o r p t i o n  r e a c h e d  a s e n s i t i v i t y  o f  0 . 0 1  p,g/cm2 . L e a d ,  n i c k e l ,  
c o p p e r ,  c a l c i u m ,  and s t r o n t i u m  i n t e r f e r e d .  U s in g  t h e  d i a n i l i d e  o f  
t h e  a b o v e ,  d i a n i l i d e  o f  2 , 7- b i s ( o - s u l f o - p - m e t h y l p h e n y l a z o )  chromo­
t r o p i c  a c i d ,  B u d e s in s k y  and V r z a l o v a 21 r e p o r t e d  t h e  e x t r a c t i o n  of  
t h e  b a r iu m  complex i n t o  b u t a n o l  f o l l o w e d  by p h o t o m e t r i c  d e t e r m i n a ­
t i o n .  The s e n s i t i v i t y  r a n g e  was 5 - 30 Hg/10 ml.
L u k i n  e t  a l 22 s t u d i e d  t h e  d i a z o  compounds o f  c h r o m o t r o p i c  a c i d  
w hich  c o n t a i n e d  p h o s p h o n ic  g r o u p s .  They used  C h l o r o p h o s p h o n a z o - I I I  
f o r  s p e c t r o p h o t o m e t r i c  d e t e r m i n a t i o n  o f  b a r iu m  a t  a c o n c e n t r a t i o n  
o f  1 |J,g/ml.
E m i s s i o n  s p e c t r o s c o p y  h a s  been  u sed  by s e v e r a l  t o  d e t e r m i n e  
t r a c e  c o n c e n t r a t i o n s  o f  b a r iu m .  W i l s k a 24 u sed  t h e  po ro u s  cup e l e c ­
t r o d e  t e c h n i q u e  t o  d e t e r m i n e  b a r iu m  i n  w a t e r .  He was a b l e  t o  
d e t e c t  a t  0 .5  l^g/ml c o n c e n t r a t i o n  by e v a p o r a t i o n  o f  t h e  sample from 
500 ml t o  1 ml.  C a r d e l l 25 was i n t e r e s t e d  i n  d e t e r m i n i n g  t h e  m ic ro  
q u a n t i t i e s  o f  b a r iu m  c o l l e c t e d  on t h e  anode  a f t e r  o p e r a t i o n  o f  
e l e c t r o n  t u b e s .  He d i s s o l v e d  th e  d e p o s i t e d  f i l m  and u sed  th e  open 
cup g r a p h i t e  e l e c t r o d e .  Q u a n t i t i e s  o f  b a r iu m  d e t e r m i n e d  r a n g e d  from 
20 pg /m l  - 3 l^g/ml.  Grabowslci and U n ic e 5 u s i n g  a r o t a t i n g  d i s c  
e l e c t r o d e  and s p a r k  e x c i t a t i o n  a f t e r  sodium c a r b o n a t e  f u s i o n  r e ­
p o r t e d  c o n c e n t r a t i o n s  a s  low as  2 pg /m l  w i t h  c o e f f i c i e n t  o f  v a r i a ­
t i o n  o f  o n ly  h.bajo. Goleb e t  a l 26 d e t e r m in e d  i m p u r i t i e s  i n  g r a p h i t e  t o  
be used  f o r  n u c l e a r  r e a c t o r s .  They d e t e c t e d  b a r iu m  a t  c o n c e n t r a ­
t i o n s  o f  0 .1  pg /m l  - 0 .5  M'g/ml u s i n g  th e  c o p p e r  s p a r k  method on
a s h e d  r e s i d u e .  Kopp and K r o n e r 13 u s i n g  a d i r e c t - r e a d i n g  e m i s s i o n  
s p e c t r o g r a p h  w i t h  r o t a t i n g  d i s c  e l e c t r o d e  and h i g h  v o l t a g e  s p a r k  
e x c i t a t i o n  d e t e c t e d  c o n c e n t r a t i o n s  f rom 0 .2  p,g/ml - 0 .0 0 1  [ ig/ml i n  
n a t u r a l  w a t e r s .
The methods  o f  a n a l y s i s  t o  d a t e  which  have  b een  s u c c e s s f u l l y  
u s e d  t o  d e t e r m i n e  b a r iu m  a t  t h e  c o n c e n t r a t i o n s  found i n  t h e  ocea n  
a r e  n e u t r o n  a c t i v a t i o n  a n a l y s i s  and i s o t o p e  d i l u t i o n  mass s p e c t r o ­
m e t r y .  R e l a t i v e  t o  t h i s ,  T u r e k i a n 2 (p .  207)  c l a i m s ,  "The loxtf l e v e l  
o f  b a r iu m  i n  most  n a t u r a l  w a t e r s  p r e c l u d e s  f lam e p h o t o m e t r i c  d e t e r ­
m i n a t i o n  w i t h o u t  e n r i c h m e n t .  H i g h - v o l t a g e  s p a r k  e m i s s i o n  s p e c t r o -  
g r a p h y  a l s o  s u f f e r s  f rom t h i s  l i m i t a t i o n .  H ence ,  f o r  n a t u r a l  
w a t e r s ,  i s o t o p e  d i l u t i o n  mass s p e c t r o m e t r y  o r  n e u t r o n  a c t i v a t i o n  i s  
u s u a l l y  m a n d a to ry  u n l e s s  e n r i c h m e n t  p r o c e d u r e s  m o n i to r e d  by r a d i o ­
a c t i v e  t r a c e r s  a r e  d e v e l o p e d . "  B o l t e r  e t  a l . 7 i r r a d i a t e d  t h e  sample 
o f  b a r iu m  w h ich  had b een  s e p a r a t e d  a s  t h e  ch rom a te  and d e t e r m in e d  
c o n c e n t r a t i o n s  o f  .013  y.g/ml.  T u r e k i a n  and J o h n s o n 8 a l s o  used  
s e p a r a t i o n  p r i o r  t o  i r r a d i a t i o n  i n  d e t e r m i n i n g  b a r iu m  w i t h  a 25 
p e r c e n t  s t a n d a r d  d e v i a t i o n .  Chow and G o ld b e rg 6 a f t e r  p r e c i p i t a t i o n  
w i t h  s u l f a t e  and e n r i c h m e n t  w i t h  s t a n d a r d  b a r iu m  d e t e r m in e d  c o n c e n ­
t r a t i o n s  o f  .0 1 2  p,g/ml.
Flame e m i s s i o n  s p e c t r o p h o t o m e t r y  o f  b a r iu m  h a s  been  s t u d i e d  
e x t e n s i v e l y .  Dean e t  a l . 28 d e t e r m in e d  b a r iu m  a t  1 p,g/ml,  u s i n g  
o x y g e n - a c e t y l e n e  f l a m e s  and r e p o r t e d  s e r i o u s  i n t e r f e r e n c e .  A n d e r s o n  
and Hume29 s t u d i e d  t h e  e m i s s i o n  o f  b a r iu m  i n  h yd rogen  f l a m e s  and th e  
e f f e c t  o f  EDTA on t h e  b a r iu m  e m i s s i o n .  K o i r t y o h a n n  and P i c k e t t 30
and M cLe l lan11 s u c c e s s f u l l y  used  a s c a n n i n g  t e c h n i q u e  t o  m in im iz e  th e  
c a l c i u m  i n t e r f e r e n c e s  w h i l e  u s i n g  a n i t r o u s  o x i d e - a c e t y l e n e  f l a m e .
The c o n c e n t r a t i o n  o f  b a r iu m  by i o n  exch a n g e  r e s i n  p r i o r  to  
d e t e r m i n a t i o n  by f lam e  e m i s s i o n  h a s  b een  r e p o r t e d  by A n d e r s o n  and 
Hume. 31 R o l l e r 10  r e p o r t s  t h e  d e t e c t i o n  o f  b a r iu m  i n  f u n g i c i d e s .
He u sed  p a p e r  c h ro m a to g ra p h y  and sodium R h o d i z o n a t e  f o r  d e v e l o p m e n t .  
He r e p o r t s  b a r iu m  a t  0 . 0 1  [ ig/ml c o n c e n t r a t i o n .
T h re e  c r i t e r i a  a r e  g e n e r a l l y  c o n s i d e r e d  when a method f o r  t r a c e  
a n a l y s i s  i s  e v a l u a t e d :  s e n s i t i v i t y ,  a c c u r a c y  and s e l e c t i v i t y . 32
O t h e r  f a c t o r s  s uch  a s  t h e  t im e  consumed,  t h e  c o s t  o f  t h e  eq u ip m e n t  
and t h e  t r a i n i n g  n e c e s s a r y  f o r  s u c c e s s  have  s e c o n d a r y  i m p o r t a n c e .
Of t h e  methods  p r e v i o u s l y  r e v i e w e d ,  a c t i v a t i o n  a n a l y s i s  and i s o t o p e  
d i l u t i o n  mass s p e c t r o m e t r y  h ave  r e a c h e d  t h e  g r e a t e s t  s e n s i t i v i t y .
The p r o c e d u r e  however  i s  s low and cumbersome and n e e d s  e x p e n s i v e  
e q u i p m e n t .
E m i s s i o n  s p e c t r o g r a p h i c  methods  f o r  t r a c e  a n a l y s i s  s u f f e r  from 
l a c k  o f  s u f f i c i e n t  a c c u r a c y  and p r e c i s i o n  e s p e c i a l l y  when a r c  
e x c i t a t i o n  i s  u sed  t o  i n c r e a s e  s e n s i t i v i t y .
A b s o r p t i o n  s p e c t r o p h o t o m e t r y  o r  c o l o r i m e t r y  l a c k s  s e l e c t i v i t y ,  
u n l e s s  s u i t a b l e  mask ing  p r o c e s s e s  a r e  u s e d .
Flame e m i s s i o n  p h o to m e t r y  p r e s e n t s  s e r i o u s  i n t e r f e r e n c e s  when 
more t h a n  one m e t a l  i s  p r e s e n t .
The method w hich  t o  d a t e  seems most  p r o m i s i n g  i n  a c h i e v i n g  t h e  
r e q u i r e d  s e n s i t i v i t y ,  s e l e c t i v i t y  and a c c u r a c y  needed  f o r  d e t e r ­
m in in g  t r a c e  amounts o f  b a r iu m  as  found i n  t h e  e n v i ro n m e n t  i s  a to m ic
A
a b s o r p t i o n  s p e c t r o p h o t o m e t r y .  A d i s c u s s i o n  o f  t h e  dev e lo p m en t  and 
r e f i n e m e n t  o f  t h i s  method as  a p p l i e d  to  b a r iu m  d e t e r m i n a t i o n  i s  
p r e s e n t e d  i n  C h a p t e r  3-
CHAPTER 5
ATOMIC ABSORPTION PARAMETERS OPTIMIZED 
FOR BARIUM SENSITIVITY
S i n c e  i t s  i n c e p t i o n  i n  1955 w i t h  t h e  p u b l i c a t i o n s  o f  W alsh33 
and Alkemade and M i l a t z 34 a s  a s e n s i t i v e  method o f  e l e m e n t a l  a n a l y ­
s i s ,  a t o m ic  a b s o r p t i o n  s p e c t r o s c o p y  h a s  had  a phenomenal  g ro w th .  
Advances  f o l l o w e d  one a f t e r  a n o t h e r  i n  a l l  a s p e c t s  o f  d e v e l o p m e n t .  
Improved  i n s t r u m e n t a t i o n  m o d i f i e d  t h e  o p t i c s  s y s t e m  f rom s i n g l e  t o
d o u b le  beam, f rom s i n g l e  p a s s  t h r o u g h  a f l a m e  t o  t r i p l e  p a s s .  Means
o f  a t o m i z a t i o n  w ere  f l a m e s ,  h i g h l y  d e v e l o p e d  due t o  f l am e  e m i s s i o n  
p h o t o m e t r y ,  s p u t t e r i n g  c h a m b e r s ,  f u r n a c e s  w i t h  r e d u c i n g  a t m o s p h e r e s ,  
s p a r k  d i s c h a r g e s ,  L ' v o v  f u r n a c e s ,  and l a s e r s .  Much a t t e n t i o n  h a s  
been  d i r e c t e d  t o  t h e  c o m p o s i t i o n  o f  g a s e s  p r o d u c i n g  t h e  f l a m e ,  the  
t e m p e r a t u r e  o f  t h e  f lam e and t h e  c o n s t r u c t i o n  o f  b u r n e r s  t o  p ro d u c e  
optimum a t o m i z a t i o n .  T h e o r e t i c a l  s t u d i e s  h ave  b e e n  c o n c e rn e d  w i t h  
t h e  f l am e  p r o c e s s e s ,  t h e  n a t u r e  o f  t h e  a t o m i z a t i o n ,  t h e  a b s o r p t i o n  
p r o c e s s  i t s e l f ,  and t h e  ' o r g a n i c  s o l v e n t  e f f e c t 1 . A p p l i c a t i o n s  
have  b e e n  m u l t i p l e .  Methods  h a v e  now b e e n  p u b l i s h e d  f o r  t h e  
d e t e r m i n a t i o n  o f  66 e l e m e n t s  d i r e c t l y  o r  i n d i r e c t l y  by a to m ic  
a b s o r p t i o n . 35
T h i s  c h a p t e r  w i l l  be d e v o t e d  t o  a d i s c u s s i o n  o f  t h e  d e v e l o p ­
ment o f  t h o s e  t e c h n i q u e s  w h ich  y i e l d  optimum s e n s i t i v i t y  f o r  th e  
d e t e r m i n a t i o n  o f  b a r iu m  by means o f  a t o m ic  a b s o r p t i o n  s p e c t r o s c o p y .
The d e t e r m i n a t i o n  o f  t r a c e  c o n c e n t r a t i o n s  o f  b a r iu m  by a t o m ic
15
16
a b s o r p t i o n  methods  h a s  b e e n  l i m i t e d  by t h e  poor  s e n s i t i v i t i e s  w h ich  
have  been  c u r r e n t l y  a t t a i n e d .  S e n s i t i v i t y  a s  r e f e r r e d  t o  i n  t h i s  d i s ­
s e r t a t i o n  i s  d e f i n e d  a s  t h e  p.g p e r  ml w h ich  y i e l d  1<j0 a b s o r p t i o n  s i g ­
n a l .  D e t e c t i o n  l i m i t  i s  d e f i n e d  a s  t h e  | ig p e r  ml w hich  w i l l  y i e l d  an 
a b s o r p t i o n  s i g n a l  t w i c e  t h e  h e i g h t  o f  t h e  n o i s e  f l u c t u a t i o n  s i g n a l .
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W i l l i s 36
6 1 8 . 0 a i r - a c e t y l e n e
S l a v i n 37 6b 5-0 1 . 0 a i r - a c e t y l e n e
Amos and W i l l i s 38 6 6 0 . 1)3 0 . 1 n i t r o u s  o x id e  
a c e t y l e n e
W i l l i s  e t  a l 39 69 o . 3a 0 . 1 5 n i t r o u s  o x id e  
a c e t y l e n e
g
A d d i t i o n  o f KCl t o s u p p r e s s  i o n i z a t i o n  o f  b a r iu m
T a b l e  I I  p r e s e n t s  a r e c o r d  o f  t h e  s e n s i t i v i t i e s  a c h i e v e d  i n  
d e t e r m i n i n g  ba i ' ium. The two f a c t o r s  w h ich  h ave  c o n t r i b u t e d  mos t  to  
t h e  a t t a i n m e n t  o f  e v e r  g r e a t e r  s e n s i t i v i t i e s  a r e  t h e  u s e  o f  t h e
IT
h i g h e r  t e m p e r a t u r e  o f  t h e  n i t r o u s - o x i d e  a c e t y l e n e  f lam e and th e  
s u p p r e s s i o n  o f  i o n i z a t i o n  w i t h  an  e x c e s s  o f  an  e a s i l y  i o n i z e d  a l k a l i .  
T h es e  two f a c t o r s  w i l l  be d i s c u s s e d  i n  t h e  f o l l o w i n g  p a g e s .  A t h i r d  
f a c t o r ,  t h e  u s e  o f  o r g a n i c  s o l v e n t s  t o  enhance  th e  s e n s i t i v i t y ,  to  
my know ledge  h a s  n o t  b e e n  a p p l i e d  t o  b a r iu m  d e t e r m i n a t i o n s .  A d i s ­
c u s s i o n  o f  t h e  p r i n c i p l e s  u n d e r l y i n g  t h i s  enhancem en t  w i l l  f o l l o w .
The e x p e r i m e n t a l  work  and r e s u l t s  make up t h e  g r e a t e r  p a r t  o f  t h i s  
d i s s e r t a t i o n .
N i t r o u s  O x id e - A c e t y l e n e  Flame
The f l a m e  p r o v i d e s  t h e  e s s e n c e  o f  a to m ic  a b s o r p t i o n  s p e c t r o s c o p y  
i n  most  c o n v e n t i o n a l  a p p r o a c h e s ,  t h a t  i s ,  i t  ch an g e s  t h e  e l e m e n t  to  
t h e  s e p a r a t e d ,  i s o l a t e d  atoms i n  t h e  g round  s t a t e ,  p l a c e d  i n  t h e  
p a t h  o f  t h e  l i g h t  o f  c h a r a c t e r i s t i c  w a v e l e n g t h .  T he re  have  been  
s e v e r a l  s t u d i e s  d i r e c t e d  t o  r e p l a c i n g  t h e  f l a m e  a s  a means o f  a tom ­
i z a t i o n  b u t  t o  d a t e  t h e s e  methods  h a v e  n o t  b e e n  u s e d  f o r  r o u t i n e  
a n a l y s i s .
A f l a m e  i s  c h a r a c t e r i z e d  by t h e  g a s e s  i n v o l v e d ,  t h e  t e m p e r a ­
t u r e ,  t h e  b u r n i n g  v e l o c i t y ,  t h e  fo rm  i n  which  th e  g a s e s  a r e  m ixed ,  
t h e  s h a p e ,  s i z e ,  and t h e  r e g i o n s  o f  r e a c t i o n .
The a i r - a c e t y l e n e  f l am e  h a s  been  used  t o  t h e  g r e a t e s t  e x t e n t  f o r  
t h e  l a r g e s t  number o f  m e t a l s .  I t  was g e n e r a l l y  used  i n  a t u r b u l e n t  
f l o w ,  t o t a l  c o n s u m p t io n  b u r n e r ,  and i t  r e a c h e d  t e m p e r a t u r e s  a round  
2300°C,  w i t h  a b u r n i n g  v e l o c i t y  o f  160  cm s e c  1 . With  t h i s  a t o m i z a ­
t i o n  p r o c e s s ,  t h e  s e n s i t i v i t y  a t t a i n e d  f o r  b a r iu m  r e a c h e d  o n l y  5*0 
|0,g /ml/^, .  A t  t h i s  t e m p e r a t u r e ,  b a r i u m ,  t h e  o t h e r  a l k a l i n e  e a r t h s  and 
a l a r g e  number o f  e l e m e n t s  w h ich  form r e f r a c t o r y  o x i d e s  were  n o t
t o t a l l y  d i s s o c i a t e d .  K o i r t y o h a n n 40 e s t i m a t e s  t h a t  i n  t h e  a i r  
a c e t y l e n e  f l a m e ,  t h e  f r a c t i o n  o f  b a r iu m  e x i s t i n g  a s  a f r e e  atom i s  
a b o u t  0 . 0 0 1 1 .  I n  a d d i t i o n ,  c h e m ic a l  i n t e r f e r e n c e s  c a u s e d  by r e ­
a c t i o n s  w i t h  o t h e r  s u b s t a n c e s  p r e s e n t  i n  t h e  s y s t e m  formed mole­
c u l e s  w h ic h  r e m a in e d  u n d i s s o c i a t e d .  The d i f f i c u l t y  o f  c o m p l e t e l y  
a t o m i z i n g  t h e  m e t a l  was lo n g  r e c o g n i z e d  a s  t h e  p r i n c i p a l  l i m i t a t i o n  
o f  t h e  a t o m ic  a b s o r p t i o n  t e c h n i q u e .
S e v e r a l  s t u d i e s 35 (p .  3 8 ) w e re  c o n d u c t e d  t o  i n v e s t i g a t e  t h e  u se  
o f  t h e  h i g h e r  t e m p e r a t u r e s  (3060°C)  o f  t h e  oxygen  a c e t y l e n e  f l a m e s .  
Due l a r g e l y  t o  t h e  h i g h  b u r n i n g  v e l o c i t y  o f  t h i s  m i x t u r e  (1130 cm 
s e c  1 ) t h e  d a n g e r  o f  f l a s h  b ack  i n  a p re m ix  b u r n e r  was g r e a t .
I n  I 965 W i l l i s 41 p u b l i s h e d  h i s  work  u t i l i z i n g  a n i t r o u s  o x i d e -  
a c e t y l e n e  f lam e w i t h  a p rem ix  l a m i n a r  f lo w  b u r n e r .  I t  was q u i c k l y  
r e c o g n i z e d  t h a t  t h i s  f l am e  combined  t h e  h i g h  t e m p e r a t u r e  ( 2955° 0 ) 
o f  t h e  o x y - a c e t y l e n e  f lam e  w i t h  t h e  low b u r n i n g  v e l o c i t y  (180 cm 
s ec  1 ) o f  t h e  a i r - a c e t y l e n e  f l a m e ;  t h i s  f l am e  h a s  b een  w i d e l y  used  
f o r  t h e  d e t e r m i n a t i o n  o f  t h e  m e t a l s  f o r m i n g  r e f r a c t o r y  o x i d e s  and 
t h e  a l k a l i n e  e a r t h s ,  and v i r t u a l l y  a l l  i n t e r f e r e n c e s  w ere  e l i m i n a t e d .  
U s ing  t h e  n i t r o u s  o x i d e - a c e t y l e n e  f l a m e ,  W i l l i s  was a b l e  t o  a c h i e v e  
0 . 3  | i g / m l / l ^ ,  s e n s i t i v i t y  f o r  b a r iu m .  The i n c r e a s e d  s e n s i t i v i t y  
a t t a i n e d  w i t h  t h e  n i t r o u s - o x i d e  a c e t y l e n e  f lam e  h a s  been  a t t r i b u t e d  
t o  t h e  h ig h  t e m p e r a t u r e .  K i r k b r i g h t  e t  a l 42 s u g g e s t s  t h e  enhancement  
o f  s e n s i t i v i t y  i s  a l s o  due t o  t h e  e x i s t e n c e  o f  more f r e e  c a r b o n  
s p e c i e s  i n  t h e  f lam e  w h ich  p r o v i d e  r e d u c i n g  c o n d i t i o n s .  He was a b l e  
t o  d e t e c t  t h e  e x i s t e n c e  o f  CN and NH p a r t i c l e s  t h r o u g h o u t  t h e  f l a m e .  
T hese  a r e  formed i n  t h e  p r i m a r y  r e a c t i o n  zone and p r o v i d e  a r e d u c i n g
a t m o s p h e r e  w h ich  p r o t e c t s  t h e  m e t a l  a to m s .
The u s e  o f  t h e  p rem ix  l a m i n a r  f low  b u r n e r  r a t h e r  t h a n  th e  
t u r b u l e n t  t o t a l  c o n s u m p t io n  b u r n e r  i s  a n o t h e r  f a c t o r  o f  i n c r e a s e d  
s e n s i t i v i t y .  The t im e  t h e  sample  r e m a in s  i n  t h e  f lam e  i s  d e p e n d e n t  
on gas  f low  r a t e .  I n  a t u r b u l e n t  b u r n e r  t h e  f lam e v e l o c i t y  i s  h i g h ,  
t h e  gas  f low  i s  h i g h ,  and th e  r e s i d e n c e  t im e  i n  t h e  f lame i s  s h o r t .  
The t u r b u l e n t  f lam e i s  c i r c u l a r ,  a p p r o x i m a t e l y  1 cm i n  d i a m e t e r  
and h a s  a v e r y  s h o r t  l i g h t  p a t h  t h r o u g h  t h e  sam ple .  The g r e a t e r  i n ­
s t a b i l i t y  o f  t h e  t u r b u l e n t  f l a m e  i n c r e a s e s  t h e  n o i s e  f l u c t u a t i o n  and 
g i v e s  p o o r e r  d e t e c t i o n  l i m i t s .
The p re m ix  b u r n e r ,  on t h e  o t h e r  hand,  p ro d u c e s  a s t e a d y  f lam e w i t h  
l e s s  f l u c t u a t i o n  and a more c o n s t a n t  c o n c e n t r a t i o n  o f  a to m s .  The 
f l a m e  v e l o c i t y  i s  l o w e r ,  c o n s e q u e n t l y  t h e  l o n g e r  r e s i d e n c e  t im e  i n  
t h e  f l am e  e n c o u r a g e s  f o r m a t i o n  o f  g round  s t a t e  a to m s .  Chemical  
i n t e r f e r e n c e s  a r e  f e w e r  b e c a u s e  t h e r e  i s  t im e  f o r  more co m p le te  
v a p o r i z a t i o n .
The l e n g t h  o f  t h e  s l o t  v a r i e s  f rom 5 -1 0  cm. T h i s  a l l o w s  f o r  a 
l o n g e r  l i g h t  p a t h  l e n g t h .  The s i z e  o f  t h e  s l o t  i s  a compromise b e ­
tween  t h e  d a n g e r  o f  a f l a s h b a c k  when t h e  o p e n in g  i s  to o  l a r g e  and t h e  
t e n d e n c y  t o  c l o g  w i t h  u n b u rn e d  c a r b o n  p a r t i c l e s  when t h e  o p e n in g  i s  
t o o  s m a l l .  C lo g g i n g  som et im es  o c c u r s  a t  h i g h e r  s o l i d  c o n t e n t s  b e ­
c a u s e  o f  p r e c i p i t a t i o n  o f  t h e  s a l t  a t  t h e  h o t  s l o t  f rom w hich  t h e  
f l a m e  g a s e s  em erge .
A r e a l i s t i c  p i c t u r e  o f  t h e  e f f e c t i v e n e s s  o f  t h e  p rem ix  b u r n e r  
i s  p r e s e n t e d  by A l l a n . 43 The sample  i s  s p r a y e d  a t  t h e  r a t e  o f
2 m l /m in .  Only  a b o u t  0 . 1  ml i s  s u f f i c i e n t l y  f i n e l y  d i v i d e d  t o  
r e a c h  t h e  f l a m e .  The r e m a i n d e r  i s  h e l d  by t h e  s p r a y  chamber and 
l o s t .  T h i s  0 . 1  ml i s  d i l u t e d  w i t h  a b o u t  10 l i t e r s  o f  a i r  and f u e l  
g a s .  The volume expands  t o  80 l i t e r s  a t  f l am e  t e m p e r a t u r e .  The 
p r o c e d u r e  i s  co m p a ra b le  t o  one i n  w h ich  95%> o f  t h e  sample i s  d i s ­
c a r d e d  down t h e  d r a i n  and t h e  r e m a i n d e r  i s  d i l u t e d  n e a r l y  a m i l l i o n ­
f o l d  b e f o r e  a c t u a l  a b s o r p t i o n  m easurements  a r e  made.
Suppression of Ionization
When h i g h e r  t e m p e r a t u r e s  o f  t h e  n i t r o u s  o x i d e  a c e t y l e n e  f lame 
w ere  u s e d  a new phenomenon was e n c o u n t e r e d  i n  a t o m ic  a b s o r p t i o n  
s p e c t r o s c o p y  o f  b a r iu m .  The a b s o r p t i o n  s i g n a l  i s  a f u n c t i o n  o f  th e  
number o f  atoms i n  t h e  g round s t a t e  p r e s e n t  i n  t h e  p a t h  o f  t h e  
l i g h t  beam. I f  t h e  p o p u l a t i o n  o f  ground s t a t e  atoms were  a f u n c ­
t i o n  o n ly  o f  v a p o r i z a t i o n  and d i s s o c i a t i o n ,  t h e n  t h e  h o t t e s t  f l am e  
p o s s i b l e  would  be optimum. However f o r  e l e m e n t s  l i k e  b a r iu m  w hich  
h ave  an  i o n i z a t i o n  e n e r g y  o f  5*2 eV, one o r  more e l e c t r o n s  can  
e a s i l y  be removed and t h e  atom no l o n g e r  a b s o r b s  a t  t h e  same wave­
l e n g t h .  M a n n in g ,44 u s i n g  t h e  Saha e q u a t i o n ,  h a s  c a l c u l a t e d  t h e  
d e g r e e  o f  i o n i z a t i o n  o f  t h e  b a r iu m  atoms i n  the  n i t r o u s  o x id e  f lam e  
and found  i t  t o  be 92% i o n i z e d .  He was a b l e  t o  c o n f i r m  th e  i o n i z a ­
t i o n  e x p e r i m e n t a l l y  by m o n i t o r i n g  t h e  a b s o r p t i o n  o f  t h e  ground  s t a t e  
b a r iu m  a t  5535^ an<3 t h a t  o f  t h e  i o n i z e d  b a r iu m  a t  k 5 5 ^ *  He found  
9 2 %, i o n i z a t i o n .
T h i s  i o n i z a t i o n  can  be s u p p r e s s e d  by t h e  p r e s e n c e  o f  a more 
e a s i l y  i o n i z e d  m e t a l  such  a s  p o t a s s i u m  eV) o r  c e s iu m  (3 -9  eV) .
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The h i g h  c o n c e n t r a t i o n  o f  e l e c t r o n s  f rom t h e  r e a c t i o n
K -  K+  +  e “
t e n d s  t o  r e v e r s e  t h e  i o n i z a t i o n  r e a c t i o n
-j“ —
Ba e  Ba +  e
Manning h a s  f o l l o w e d  th e  e f f e c t  o f  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  
p o t a s s i u m  on t h e  i n t e n s i t y  o f  s i g n a l  o f  b o th  t h e  ground  s t a t e  
l i n e  (5535^)  and t h e  i o n  l i n e  ( 4 5 5 ^ ) .  The r e s u l t s  a r e  p r e s e n t e d  
i n  F i g u r e  2 .  Manning h a s  s t u d i e d  t h e  e f f e c t  o f  t h e  p r e s e n c e  o f  
p o t a s s i u m  and p h o s p h o ru s  on th e  a b s o r p t i o n  o f  b a r i u m  i n  b o t h  an 
a i r - a c e t y l e n e  f lam e and a n i t r o u s  o x i d e - a c e t y l e n e  f l a m e .  F i g u r e  3 
p r e s e n t s  g r a p h i c a l l y  t h e s e  r e s u l t s .  The s m a l l  e f f e c t  o f  added 
p o t a s s i u m  i n  t h e  a i r  a c e t y l e n e  f l am e  i n d i c a t e s  v e r y  l i t t l e  i o n i z a ­
t i o n  a t  t h a t  t e m p e r a t u r e .  The i n c r e a s e d  a b s o r p t i o n  w i t h  i n c r e a s e d  
c o n c e n t r a t i o n  of  p o t a s s i u m  i n  t h e  n i t r o u s  o x i d e  a c e t y l e n e  f lam e i s  
e v i d e n c e  o f  s u p p r e s s e d  i o n i z a t i o n .  Manning found optimum enhancement 
o f  t h e  b a r iu m  s i g n a l  a t  1 0 , 0 0 0  ppm p o t a s s i u m  c o n c e n t r a t i o n .
T h e r e f o r e  optimum s e n s i t i v i t y  f o r  b a r iu m  can  be a c h i e v e d  by 
u s i n g  t h e  n i t r o u s  o x i d e  a c e t y l e n e  f l am e  w hich  i s  h o t  enough t o  
p r o v i d e  v o l a t i l i z a t i o n  and d i s s o c i a t i o n ,  w h i l e  a d d i n g  f i x e d  c o n c e n ­
t r a t i o n s  o f  p o t a s s i u m  t o  b o th  s t a n d a r d s  and sample t o  s u p p r e s s  the  
i o n i z a t i o n  and keep  t h e  ground s t a t e  p o p u l a t e d .  W i l l i s 39 a t t a i n e d  
a 0 . 3  (J-g/ml/^> s e n s i t i v i t y  by a d d i n g  1000 |~bg/ml o f  K to  t h e  s o l u t i o n s .  
S o u rc e  a t  High I n t e n s i t y
The c h a r a c t e r i s t i c  s p e c t r u m  o f  b a r iu m  c o n s i s t s  o f  an  i o n i c  
d o u b l e t  a t  and ^ 9 3 ^ 5 an a t o m ic  r e s o n a n c e  l i n e  a t  5535^ and a
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s e r i e s  o f  e m i s s i o n s  f rom  BaOH and BaO w i t h i n  th e  r e g i o n s  ^ ( X ) “($1(X)S. 
In  a h o l l o w  c a t h o d e  s o u r c e  t h e  i o n  l i n e  a t  *1-55^8 an<3 t h e  atom l i n e  
a t  55358 a r e  t h e  most  i n t e n s e ,  b u t  a c c o r d i n g  t o  K o i r t y o h a n n  and 
P i c k e t t 45 t h e  i o n  l i n e s  h a v e  l i m i t e d  a n a l y t i c a l  u t i l i t y  b e c a u s e  o f  
v a r i a b l e  i o n i z a t i o n .
G e n e r a l l y  t h e  b a r iu m  h o l l o w  c a t h o d e  lamp i s  c o n s t r u c t e d  to  
o p e r a t e  a t  20 mA. However ,  t h e  n i t r o u s  o x i d e - a c e t y l e n e  f lam e e m i t s  
i n t e n s e l y  and a t  t h e  g i v e n  w a v e l e n g t h  c a n  exceed  t h e  i n t e n s i t y  o f  the  
s o u r c e  u n l e s s  t h e  s o u r c e  i s  c a p a b l e  o f  i n t e n s e  e m i s s i o n .  T h i s  h i g h  
e m i s s i o n  from t h e  f lam e  i s  e v i d e n t  a s  a s t r o n g  n o i s e  l e v e l  a t  th e  
r e a d o u t .  K a h n ,46 W i l l i s 47 and S l a v i n 48 have  e a c h  overcome t h i s  
l i m i t a t i o n  by o p e r a t i n g  t h e  b a r iu m  h o l l o w  c a t h o d e  lamp a t  a much 
h i g h e r  c u r r e n t  t h a n  20 mA. A l l  t h e  p u b l i s h e d  methods  f o r  t h e  a n a l y ­
s i s  o f  b a r iu m  recommend t h e  u s e  o f  t h e  c h a r a c t e r i s t i c  w a v e l e n g t h ,
5535-8 .
O rg a n ic  S o l v e n t  E f f e c t
The s e n s i t i v i t y  o f  an  a t o m i c  a b s o r p t i o n  method depends  e s s e n ­
t i a l l y  upon t h e  number o f  g round  s t a t e  atoms i n  t h e  p a t h  o f  th e  
l i g h t  t h r o u g h  t h e  f l a m e .  Any f a c t o r  w h ich  c a n  i n c r e a s e  t h e  c o n c e n ­
t r a t i o n  o f  atoms o f  a n  e l e m e n t  w i l l  enhanc e  t h e  a b s o r p t i o n  s i g n a l  
and h e n c e  t h e  s e n s i t i v i t y .
A t e c h n i q u e  w h ich  h a s  g r e a t l y  i n c r e a s e d  th e  a p p l i c a t i o n s  and 
t h e  r a n g e  o f  a t o m i c  a b s o r p t i o n  a n a l y s i s  i s  t h e  u s e  o f  o r g a n i c  s o l ­
v e n t s .  These  s o l v e n t s  a r e  employed i n  two w a y s ,  e i t h e r  as  m i s c i b l e  
s o l v e n t s  t h a t  a r e  added  t o  t h e  aqueous  s o l u t i o n s  o r  a s  im m is c i b l e  
ones  t h a t  a r e  s p r a y e d  d i r e c t l y  i n t o  t h e  f l am e  a f t e r  b e i n g  used  t o
e x t r a c t  t h e  m e t a l  s p e c i e s  from t h e  aqueous  p h a s e .  The method o f  
e x t r a c t i n g  a s o l u t e  from an  aqueous  s o l u t i o n  and s p r a y i n g  i t  i n t o  
a f lam e was f i r s t  d e s c r i b e d  by Dean and L a d y . 49
When A l l a n 50 u sed  o r g a n i c  s o l v e n t s  i n  a to m ic  a b s o r p t i o n  a n a l y ­
s i s ,  he found t h a t  s e n s i t i v i t i e s  w ere  i n c r e a s e d  3“ 7 f o l d .
The c o m b i n a t i o n  o f  e x t r a c t i o n  w i t h  a to m ic  a b s o r p t i o n  n o t  o n ly  
e n h a n c e s  t h e  s i g n a l  b u t  a l s o  g i v e s  t h e  added a d v a n t a g e  o f  c o n c e n ­
t r a t i n g  a d i l u t e  sample o r  rem ov ing  an  i n t e r f e r i n g  m a t r i x .  West  
e t  a l . 51 a t t a i n e d  a h u n d r e d - f o l d  enhancem en t  i n  t h e  s e n s i t i v i t y  of  
s i l v e r  by e x t r a c t i o n  i n t o  a d i t h i z o n e - e t h y l  p r o p i o n a t e  s o l u t i o n .
When an  e l e m e n t  i s  n e b u l i z e d  and e n t e r s  a f l am e  a s equence  o f  
p r o c e s s e s  t a k e s  p l a c e .  The s o l v e n t  e v a p o r a t e s  o r  b u r n s  t o  form a 
s o l i d  p a r t i c l e ;  t h e  p a r t i c l e  t h e n  v a p o r i z e s  to  form  g as eo u s  m o le ­
c u l e s ;  t h e rm a l  d i s s o c i a t i o n  o f  t h e  m o l e c u le  o c c u r s  and f r e e  atoms 
i n  t h e  ground s t a t e  o r  an  e x c i t e d  s t a t e  a r e  l i b e r a t e d .
How f a r  and how f a s t  t h e s e  p r o c e s s e s  p r o c e e d  depends  on t h e  
s i z e  and d i s p e r s i o n  o f  t h e  d r o p l e t s  and s o l i d  p a r t i c l e s ,  on t h e  
f lam e  p a r a m e t e r s  i n c l u d i n g  t e m p e r a t u r e ,  v e l o c i t y  of  p r o p a g a t i o n ,  
and c o m p o s i t i o n  o f  f l a m e ,  on th e  r a t e  p r o c e s s e s  and on th e  th e rm o ­
dynamic s t a b i l i t y  o f  t h e  compounds i n t r o d u c e d .  A c c o r d in g  t o  
C h a k r a b a r t i 52 t h e  enhancem en t  p r o d u c e d  by o r g a n i c  s o l v e n t s  i s  m o s t l y  
due t o  t h e  p r o d u c t i o n  o f  s m a l l e r  d r o p l e t s  w h ich  c a u s e  s m a l l e r  and 
more v o l a t i l e  c l o t l e t s  t o  be p roduced  lo w er  i n  th e  f l a m e ,  t h u s  atoms 
a r e  p roduced  s o o n e r  and l i v e  l o n g e r .  T h i s  e x p l a n a t i o n  s u p p o r t s  the  
t h e o r y  f i r s t  p ro p o s e d  by R o b in s o n 53 t h a t  enhancement from o r g a n i c  
s o l v e n t s  can  be a t t r i b u t e d  m a in ly  t o  i n c r e a s e d  a t o m i z a t i o n  e f f i c i e n c y .
cu
The p u b l i c a t i o n s  o f  G ibson  e t  a l . 54 and W i l l i s 55 a l s o  p ro p o s e  
t h i s  e x p l a n a t i o n .  G ib s o n  e t  a l .  s t u d i e d  p h o t o g r a p h i c a l l y  t h e  p r o ­
f i l e  o f  d r o p l e t s  i n  t h e  f l a m e .  A c e to n e  s p r a y  e v a p o r a t e d  r a p i d l y ,  
and l e f t  no v i s i b l e  d r o p l e t s  more t h a n  1 cm above  t h e  b u r n e r  t i p ,  
w h i l e  w a t e r  s p r a y  was v i s i b l e  t h r o u g h o u t  t h e  w ho le  volume o f  t h e  
f l a m e  and some p a s s e d  t h r o u g h  t h e  f l am e  w i t h o u t  b e i n g  e v a p o r a t e d .
I n c r e a s e d  a t o m i z a t i o n  e f f i c i e n c y  i s  c o n s i d e r e d  by mos t  w o r k e r s  
i n  t h e  f i e l d  to  c o n t r i b u t e  m os t  t o  t h e  e nhanc em en t  o f  t h e  a b s o r p ­
t i o n  s i g n a l ;  n e v e r t h e l e s s ,  A l l a n , 50 Z o l o t o v 56 and J aw o ro w s k i57 
c l a i m  t h a t  t h e r e  i s  a l s o  a n  i n c r e a s e d  u p t a k e  r a t e  and an  i n c r e a s e d  
amount o f  s o l u t i o n  r e a c h i n g  t h e  f l am e  when o r g a n i c  s o l v e n t s  a r e  u s e d .  
B e l c h e r 58 h a s  shown t h a t  t h e  r a t i o  o f  t h e  a b s o r b a n c e s  o f  s i l v e r  i n  
m e t h y l e t h y l  k e t o n e ,  w a t e r  and g l y c e r o l  i s  i n  d i r e c t  p r o p o r t i o n  t o  
t h e  r a t i o  o f  t h e i r  u p t a k e  by t h e  n e b u l i z e r .
When w a t e r  i s  a s p i r a t e d  i n t o  a f l a m e ,  t h e  v a p o r i z a t i o n  p r o c e s s  
l o w e r s  t h e  f l a m e  t e m p e r a t u r e ,  b u t  when an  o r g a n i c  s o l v e n t  i s  i n t r o ­
duced  th e  c o m b u s t io n  o f  t h e  s o l v e n t  c a u s e s  an  i n c r e a s e  i n  t e m p e r a t u r e .  
The i n c r e a s e d  t e m p e r a t u r e  o f  t h e  f lam e  when o r g a n i c  s o l v e n t s  a r e  used  
i s  a c o n t r i b u t i n g  f a c t o r  t o  t h e  en h a n c e m e n t .  R o b in s o n 53 h a s  shown 
t h a t  t h e  t e m p e r a t u r e  f a c t o r  c a n n o t  a c c o u n t  f o r  t h e  t o t a l  e n h a n c e ­
m en t .  G ib s o n 54 h a s  d e t e r m i n e d  a 1 0 0 °C r i s e  i n  f lam e t e m p e r a t u r e  
when t h e  s o l v e n t  i s  changed  f rom w a t e r  to  a c e t o n e ;  however  t h e  tem­
p e r a t u r e  i n c r e a s e  c a n  a c c o u n t  f o r  o n l y  a s m a l l  p o r t i o n  o f  t h e  o v e r ­
a l l  enhan c em en t .
O t h e r  f a c t o r s  t h a t  may e x p l a i n  t h e  enhancem en t  p ro d u c e d  by 
o r g a n i c  s o l v e n t s  a r e  t h e  more r e d u c i n g  a tm o s p h e r e  c a u s e d  by t h e
p r e s e n c e  o f  a s p e c i e s  t h a t  c o n t a i n s  c a r b o n  and th e  low er  e n e r g y  o f  
d i s s o c i a t i o n  o f  o r g a n i c  compounds o f  m e t a l s  i n  c o m p a r i s o n  w i t h  t h e  
i n o r g a n i c  compounds.
I n  o r d e r  t o  o b t a i n  o p t i m a l  p e r f o r m a n c e  an  o r g a n i c  s o l v e n t  t h a t  
h a s  t h e  f o l l o w i n g  c h a r a c t e r i s t i c s  s h o u ld  be c h o s e n .
The s o l v e n t ; s h o u l d  t o t a l l y  e x t r a c t  t h e  t e s t  e l e m e n t ,
s h o u l d  b u r n  w i t h  a s t a b l e  f l a m e ,
s h o u ld  h a v e  a low v i s c o s i t y ,
s h o u ld  h a v e  a low s u r f a c e  t e n s i o n ,
s h o u ld  v a p o r i z e  e a s i l y ,
s h o u ld  be i m m i s c i b l e  w i t h  aqueous  s o l u t i o n ,
s h o u ld  be f r e e  f rom  t o x i c  p r o d u c t s  o f  c o m b u s t i o n ,
and s h o u l d  be f r e e  f rom h i g h  b ackg round  and a b s o r p t i o n  
a t  t h e  s e l e c t e d  w a v e l e n g t h .
A l a n 50  h a s  i n v e s t i g a t e d  a t  l e n g t h  t h e  c h a r a c t e r i s t i c s  o f  
s p e c i f i c  s o l v e n t s  t o  be  u s e d  i n  a to m ic  a b s o r p t i o n .  C h lo ro fo rm  and 
c a r b o n  t e t r a c h l o r i d e  y i e l d  u n s t a b l e  f l a m e s  w h ich  a r e  soon  e x t i n ­
g u i s h e d .  The h i g h e r  a l c o h o l s  l e a v e  an  i n c o m p l e t e l y  bu rned  d e p o s i t
o f  c a r b o n .  B e n z e n e ,  c y c l o h e x a n e ,  p e t r o l e u m  e t h e r  and d i i s o p r o p y l  
e t h e r  a s p i r a t e  t o o  e a s i l y  i n t o  t h e  f l a m e ,  and t h e  a i r  s u p p l y  i s  i n ­
s u f f i c i e n t  f o r  c o m p l e t e  c o m b u s t io n .  Benzene  p r o d u c e s  a l a r g e ,  
l u m i n o u s ,  smoky f l a m e .  E s t e r s  and k e t o n e s  a r e  t h e  o n l y  s o l v e n t s  
w h ich  b eh av e  s a t i s f a c t o r i l y  i n  t h e  f l a m e ;  t h e y  b u r n  c o m p l e t e l y  w i t h  
a s t e a d y  f l a m e ,  and w i t h  no a b s o r p t i o n  o f  s o l v e n t .
PART I I  EXPERIMENTAL
CHAPTER k  A CHELATING REAGENT FOR BARIUM
CHAPTER 5 AN EXTRACTION SYSTEM DESIGNED FOR AN OPTIMAL ATOMIC 
ABSORPTION SIGNAL
CHAPTER 6 A SENSITIVE, SELECTIVE METHOD FOR DETERMINATION OF 
BARIUM IN TRACE CONCENTRATIONS IN AQUEOUS SYSTEMS
28
CHAPTER k
A CHELATING REAGENT FOR BARIUM
The b a r iu m  io n  (Ba2 ) i s  a d i f f u s e  l a r g e  i o n ,  (G o ldschm id t  
r a d i u s  1 . )  a nd i s  d o u b ly  c h a r g e d .  The e a s e  o f  c o m p l e x a t i o n  o f  an 
i o n  i n c r e a s e s  a s  t h e  i o n i c  p o t e n t i a l  o f  t h e  s p e c i e s  i n c r e a s e s .  Th i s  
e x p l a i n s  why few s u c c e s s f u l  a t t e m p t s  t o  complex  b a r iu m  a r e  found in  
t h e  l i t e r a t u r e .  The b a r iu m  complex  o f  a p a r t i c u l a r  l i g a n d  u s u a l l y  
e x h i b i t s  t h e  l o w e s t  s t a b i l i t y  c o n s t a n t  r e l a t i v e  t o  t h e  complexes  o f  
t h a t  l i g a n d  w i t h  t h e  o t h e r  a l k a l i n e  e a r t h  e l e m e n t s .  A r e a g e n t  which  
would  n o t  o n l y  complex  b a r iu m  b u t  w h ich  wou ld  form a s u f f i c i e n t l y  
s t a b l e  m o l e c u l e  t o  be e x t r a c t e d  i n t o  an  o r g a n i c  s o l v e n t  had to  be 
f o u n d .
G ly o x a l  b i s - ( 2 - h y d r o x y a n i l )
G o l d s t e i n  and Mayer59 l i s t  b a r iu m  a s  an  i n t e r f e r e n c e  i n  t h e  
t e s t  f o r  c a l c i u m  w i t h  g l y o x a l  b i s - ( 2 - h y d r o x y a n i l ) (GBHA). The r e ­
a g e n t  was s y n t h e s i z e d  and p u r i f i e d  a c c o r d i n g  t o  t h e  method recom ­
mended by t h e  above  a u t h o r s .  The method recommended by L i n d s t r o m  
and M i l l i g a n 60 f o r  c a l c i u m  was u sed  t o  a t t e m p t  c o m p l e x a t i o n  of  
b a r iu m .  A c o l o r  s l i g h t l y  d i f f e r e n t  f rom t h a t  o f  t h e  s o l u t i o n  o f  
t h e  r e a g e n t  was o b s e r v e d ,  b u t  i t  was n o t  t h e  i n t e n s e  r e d  o b s e r v e d  
w i t h  c a l c i u m .  The c o l o r  f a d e d  q u i c k l y .
Ten ml o f  e a c h  o f  t h e  f o l l o w i n g  e s t e r s ,  e t h y l  a c e t a t e ,  e t h y l  
p r o p i o n a t e ,  n -amyl  a c e t a t e ,  e t h y l  f o r m a t e ,  w e re  u sed  t o  a t t e m p t  
e x t r a c t i o n .  The s t a n d a r d  p r o c e d u r e  f o r  t h e  d e t e r m i n a t i o n  o f
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b a r iu m  by means o f  Atomic  A b s o r p t i o n  was f o l l o w e d ;  a P e r k i n  Elmer  
303 Atomic  A b s o r p t i o n  S p e c t r o p h o t o m e t e r  was u s e d .  The r e s u l t s  were  
a l l  n e g a t i v e .  T h e re  was no e v i d e n c e  o f  b a r iu m  i n  t h e  o r g a n i c  p h a s e .
A c c o r d i n g  t o  M o r r i s o n  and F r e i s e r 32 th e  a l k a l i n e  e a r t h  m e t a l s ,  
b e i n g  so  e l e c t r o p o s i t i v e ,  a r e  d i f f i c u l t  t o  com plex .  Some s u c c e s s  
h a s  b een  a t t a i n e d  by u s i n g  a n  e x c e s s  o f  a c o m p le x in g  a g e n t  t o  remove 
t h e  w a t e r  o f  h y d r a t i o n .  High  c o n c e n t r a t i o n s  o f  GBHA were  u sed  b u t  
no p o s i t i v e  r e s u l t s  w e re  o b t a i n e d .  F u r t h e r  a t t e m p t s  were  made to  
complex  b a r iu m  by means o f  t h e  method o f  K e r r . 62 He found a pH of  
1 2 . 2  -  1 2 . 6  optimum f o r  c a l c i u m  e x t r a c t i o n .  The pH was v a r i e d  from 
1 0 . 5  t o  I 3 .O. A t  no t im e  was t h e r e  e v i d e n c e  t h a t  GBllA c o u ld  s u c ­
c e s s f u l l y  complex  and e x t r a c t  b a r iu m .
E r io c h ro m e  B la c k  T
S i n c e  E r io c h ro m e  B la c k  T can  be u sed  a s  an  i n d i c a t o r  i n  t h e  
t i t r a t i o n  o f  c a l c i u m  and t h e  a l k a l i n e  e a r t h  i o n s ,  an  a t t e m p t  was 
made t o  complex  b a r iu m  w i t h  t h i s  r e a g e n t .  The method o f  P o l l a r d  
and M a r t i n 17  was u s e d :
E x p e r i m e n t a l :
.j- -j- .j .
S t o c k  s o l u t i o n s  o f  Mg2 , Ca2 , S r 2 , and Ba2 w ere  used
a t  a c o n c e n t r a t i o n  o f  10 mg/ml.  T w e n t y - f i v e  ml o f  a
b u f f e r  s o l u t i o n  (0.75% W/V NH4 C l / d i l  Nippon) w ere  added 
t o  10 ml o f  t h e  m e t a l  s o l u t i o n .  Ten ml o f  a 0.1% 
s o l u t i o n  o f  E r io c h ro m e  B la c k  T i n  m e th a n o l  were  added 
and t h e  f i n a l  s o l u t i o n  was d i l u t e d  t o  a volume o f  100 ml.
A b s o rb a n c e  r e a d i n g s  w ere  t a k e n  by means o f  a Beckman DB S p e c t r o ­
p h o t o m e t e r .  The r e s u l t s  a p p e a r  be low:
M e ta l  C o lo r  A b so rb a n ce
Mg2*̂  d e c i d e d  r o s e  s t r o n g  p eak  a t  560 mp,
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Ca2"*̂ r o s e l e s s s t r o n g  peak  560 up
S r 2+ b l u e peak a t  620 np
Ba2"*" b l u e peak a t  620 tip
b l a n k b l u e peak a t  620 np
When t h e  c o n c e n t r a t i o n  o f  b a r i u m  was i n c r e a s e d ,  a s l i g h t  peak 
was v i s i b l e  a t  560 up .
The method o f  Rowley,  S t o e n n e r  and Gordon63 was a t t e m p t e d ;
200 mg, 100 mg, 50 mg, and 10 mg Ba2 sam ples  were  u s e d .  E v i d e n t  
c o l o r  c hange s  f rom b l u e  o f  t h e  b l a n k  t o  r o s e  o f  t h e  sam ples  i n d i ­
c a t e d  t h a t  a complex  had fo rmed .
A f t e r  e x t r a c t i o n  w i t h  i s o p r o p y l  k e t o n e  t h e r e  was a r o s e  o r g a n i c
p h a s e  and a b l u e  aqueous  p h a s e .  An a c e t o n e  s o l u t i o n  o f  p o t a s s i u m  
*
t e t r a p h e n y l  b o ro n  was added t o  t h e  o r g a n i c  phase  and a to m ic  a b s o r p ­
t i o n  r e a d i n g s  w ere  t a k e n .  The maximum a b s o r p t i o n  o f  b a r iu m  was 
s t i l l  i n  t h e  aqueous  p h a s e .
EDTA
EDTA h a s  l o n g  b een  r e c o g n i z e d  as  a com plex ing  a g e n t  f o r  b a r iu m  
a s  w e l l  a s  f o r  many o t h e r  m e ta l  i o n s .  R e c e n t l y  an  EDTA-metal complex  
h a s  been  e x t r a c t e d  s u c c e s s f u l l y . 64 
E x p e r i m e n t a l :
A sample  o f  Ba(01l)g had b een  i r r a d i a t e d  and t h e  t r a c e r  Ba131 
was u s e d .  Ba131 was complexed w i t h  EDTA f o l l o w i n g  t h e  method o f  
S i j d e r i u s , 65
Added as  a s o u r c e  o f  p o t a s s i u m  n e c e s s a r y  t o  s u p p r e s s  th e  
i o n i z a t i o n  o f  b a r iu m  i n  a to m ic  a b s o r p t i o n .  P r e v i o u s  s t u d i e s  
i n d i c a t e d  t h i s  a s  a s u i t a b l e  method o f  d i s s o l v i n g  p o t a s s i u m  i n  
a n  o r g a n i c  s o l v e n t .
32
E x p e r i m e n t a l :
Ten ml o f  a n  NH4CI/NH4OH b u f f e r ,  and 5 ml  o f  0 . 0 1  M
EDTA s o l u t i o n  w ere  added t o  10 ml o f  a b a r iu m
s o l u t i o n  o f  2 mg/ml c o n c e n t r a t i o n .
E x t r a c t i o n  was a t t e m p t e d  u s i n g  t h e  method o f  Z o l o t o v . 64
F iv e  ml o f  d i p h e n y l g u a n i d i n e  (DPG) 0 . 9  M were  
added t o  t h e  above  s o l u t i o n .  Ten ml o f  1 : 1  n i t r o -  
m e thane  and i s o b u t a n o l  w ere  used  t o  e x t r a c t  th e  
EDTA-barium com plex .
131The e f f i c i e n c y  o f  e x t r a c t i o n  was found by d e t e r m i n i n g  Ba by means 
o f  a  G e i g e r - M u l l e r  t u b e .  R e s u l t s  a r e  g i v e n  be low:
15 m in u te  c o u n t  
O r g a n i c  p h a s e  98 cpm
Aqueous p h a s e  36 cpm
Background  if l  cpm
The a c t i v i t y  o f  t h e  t r a c e r  was so  low t h a t  no s i g n i f i c a n t  c o n ­
c l u s i o n s  c o u l d  be d raw n ,  e x c e p t  t o  n o t e  t h a t  t h e r e  was e v i d e n c e  o f  
some e x t r a c t i o n  i n t o  t h e  o r g a n i c  p h a s e .
S u l p h o n a z o - I I I
A r e a g e n t ,  S u l p h o n a z o - I I I  o r  3 , 6 - b i s ( o - s u l p h o p h e n y l a z o ) 
c h r o m o t r o p i c  a c i d ,  s p e c i f i c  f o r  b a r iu m  had  been  s y n t h e s i z e d  and 
s t u d i e d  by S a v v i n . 19 S e v e r a l  f e a t u r e s  a r e  w o r th y  o f  n o t e :
( a )  S t u d i e s  show t h a t  t h e  r e a g e n t  i s  p l a n a r ,  and i s  a b l e  to  
c o o r d i n a t e  b a r i u m ,  t o  form a s e r i e s  o f  6 -membered r i n g  
s t r u c t u r e s .
(b )  T he re  i s  p o s s i b i l i t y  o f  m o d i f y in g  t h e  c h e l a t e  by v a r y i n g  
t h e  g roup  w hich  i s  meta t o  t h e  d i a z o  c o u p l i n g .
( c )  The t h r e e  s u l f o n i c  a c i d  g ro u p s  t h a t  a r e  n o t  i n v o l v e d  i n
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c h e l a t i o n  c a u s e  h i g h  s o l u b i l i t y  i n  aqueous  sys tem s  and 
d i f f i c u l t y  i n  e x t r a c t i n g  t h e  complex i n t o  o r g a n i c  s o l v e n t s .  
E x p e r i m e n t a l :
The Budesinsky6 6 method of complexing barium was attempted.
Ten ml Ba2"̂  (13*6 p g / m l )  was added t o  
5 ml 10 4 M S u l p h o n a z o - I I I .  The pH 
was a d j u s t e d  t o  2 .b  by means o f  a 
u t r o p i n e  b u f f e r .
Results:
The b l a n k  r e a g e n t  was v i o l e t ,  t h e  b a r iu m  complex  a d i s t i n c t  
b l u e .  S p e c t ru m  o b t a i n e d  by means o f  t h e  DB S p e c t r o p h o t o m e t e r  a t  pH 
6 .0  showed a maximum a t  638 mp f o r  t h e  complex b u t  showed no maximum 
c h a r a c t e r i s t i c  o f  t h e  b l a n k .  When u t r o p i n e  was a d d e d ,  t h e  b lu e  
c o l o r  changed  t o  v i o l e t .  T h i s  i n d i c a t e d  an u n s t a b l e  complex .
S u l p h o n a z o - I I I  c o n t a i n i n g  k  s u l f o n i c  a c i d  g ro u p s  te n d s  t o  be 
e x t r e m e l y  s o l u b l e  i n  UgO and r e s i s t s  e x t r a c t i o n  i n t o  an o r g a n i c  
l a y e r .  K u z n e t s o v 67 had s u c c e s s f u l l y  e x t r a c t e d  complexes  o f  
A r s e n a z o - I I I  c o n t a i n i n g  2 s u l f o n i c  a c i d  g roups  by c o n v e r t i n g  the  
a n i o n  g r o u p s  t o  s i m p l e  s a l t s  w i t h  d i p h e n y l g u a n i d i i i e  (DPG) and e x ­
t r a c t i n g  w i t h  n - b u t a n o l .  H is  method was a d a p t e d  i n  an  a t t e m p t  to  
e x t r a c t  t h e  B a - S u l p h o n a z o - I I I  complex .
Experimental:
Ten ml o f  Ba2+ ( I 3 .6  pg/ml_) i s  mixed w i t h  
5 ml of  S u l p h o n a z o - I I I  (10 4 M). Th ree  ml 
o f  20°/0 DPG i n  HC1 were  ad d ed .  F iv e  ml of  
b u t a n o l  w ere  used  t o  e x t r a c t .
Results:
When t h e  DPG i s  a d d e d ,  t h e  b l u e  c o l o r  of  th e  complex changes
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t o  t h e  v i o l e t  c o l o r  o f  t h e  r e a g e n t .  Comple te  e x t r a c t i o n  o f  t h e  
c o l o r  r e s u l t s ;  t h e  aqueous  l a y e r  i s  c o l o r l e s s ,  t h e  o r g a n i c  l a y e r  
deep  v i o l e t .  Bar ium  was complexed  a t  pH 6 . 0 ,  ^ . 0 ,  2.K  and 1 . 0 .
The b a r iu m -c o m p le x  r e m a in ed  s t a b l e  a t  a l l  pH 's  e x c e p t  t h o s e  be low 
2 . k .  Upon a d d i t i o n  o f  DPG, t h e  complex  was u n s t a b l e .
A number o f  amines  w ere  s u b s t i t u t e d  f o r  d i p h e n y l g u a n i d i n e . In  
e a c h  c a s e  t h e  s t a b i l i t y  of  t h e  complex  was i n d i c a t e d  by t h e  r e t e n ­
t i o n  o f  i t s  b l u e  c o l o r ,  b u t  t h e  complex was t o t a l l y  i n s o l u b l e  i n  an 
o r g a n i c  s o l v e n t .
The s t a b i l i t y  o f  t h e  complex  i s  r e l a t e d  t o  t h e  a c i d  c h a r a c t e r  
o f  t h e  s u l f o n i c  a c i d  g roup  o r t h o  to  t h e  azo  c o u p l i n g .  The s t r e n g t h  
o f  t h i s  a c i d  g roup  i s  i n f l u e n c e d  by t h e  i n d u c t i v e  n a t u r e  o f  t h e  g roup 
p a r a  t o  t h e  azo  c o u p l i n g .  D i m e t h y l s u l p h o n a z o - I I I  and D ib ro m o su lp h o n -  
a z o - I I I  w e re  b o th  used  as  c h e l a t i n g  r e a g e n t s .  B e t t e r  r e s u l t s  were  
a t t a i n e d  b u t  a t  no t im e  was an  e x t r a c t i o n  e f f i c i e n c y  b e t t e r  t h a n  
a c h i e v e d .
Budes ins lcy21 h a s  s u c c e s s f u l l y  e x t r a c t e d  t h e  b a r iu m -c o m p le x  o f  
t h e  m e thy l  d e r i v a t i v e  o f  t h e  d i a n i l i d e  o f  s u lp h o n a z o .  A sample  o f  
t h e  r e a g e n t  was o b t a i n e d  f rom him and e x t r a c t i o n s  were  a t t e m p t e d .
The r e s u l t s  o b t a i n e d  were  t h e  most  p r o m i s i n g  t o  d a t e  and f u r t h e r  
i n v e s t i g a t i o n  i s  s u g g e s t e d  u s i n g  t h i s  method.  However th e  r e a g e n t  
i s  n o t  a v a i l a b l e  c o m m e r c i a l l y  and much b e t t e r  e x t r a c t i o n  was 
a c h i e v e d  when t h e  p - d i k e t o n e s  w ere  used  as  l i g a n d s .
P - d i k e t o n e s
A s t u d y  was t h e n  begun t o  compare t h e  e f f i c i e n c y  o f  e x t r a c t i o n  
o f  a number o f  P - d i k e t o n e s  w h ich  w ere  a v a i l a b l e  from a S e n i o r  t h e s i s
s t u d y . 68 The method o f  Eshelman and Dean69 was adapted .  
E x p e r i m e n t a l :
F o u r  ml Ba133 (p.O x 10  5 M) was combined  w i t h  10 ml 
NH4OAC (1 M) t o  a d j u s t  pH t o  5- 6 . Ten ml P - d i k e t o n e  
( 0 . 1  M) i n  m e th y l  i s o b u t y l  k e t o n e  w ere  used  t o  e x ­
t r a c t .  The p h a s e s  w ere  s e p a r a t e d  and 5 o f  each  
p h a s e  was c o u n t e d  f o r  5 m i n u t e s .
The r e s u l t s  are  p r e s e n te d  i n  Table  I I I
TABLE I I I  
EXTRACTION OF BARIUM-{3-DIKETONATES
Count/ml
f0 e x t r a c t i o n
o r g a n ic aqueous
4 , 4  , 4 - t r i f l u o r o - 1-
(2- t h i e n y l ) - l , 3- 
bu taned ione
6036 cpm 5236 cpm 4 6 . 1
4 , 4 , 4 - t r i f l u o r o - 1- 
p h e n y l - 1 , 3 ” 
bu taned ione
3108 cpm 5462 cpm 28.9
2- p h e n y l - l , 3-  
indandione
w ater s o l u b l e
1 , 1 , 1 , 5 , 5 , 5  -hexa - 
f l u o r o - 2 , 4 -  
p en tan ed ion e
9242  cpm 199 c Pra 9 7 . 6
* P _ cpm/ml 
cpm/ml
o r g a n ic
aqueous
100 D 
*  D + Vw/Vo
E x t r a c t i o n s  o f  the h e x a f l u o r o a c e t y l a c e t o n a t e  were  r ep ea te d  w i th
36
o t h e r  s o l v e n t s .  
R e s u l t s :
S o l v e n t i  e
MIBK 9 ^ . 5
e t h y l  p r o p i o n a t e 9 7 -0 6
b u t y l  a l c o h o l 93 .6 5
b u t y l  a c e t a t e 9 7 . 7 0
C o n c l u s i o n :
Of a l l  t h e  co m p le x in g  r e a g e n t s  u s e d ,  o n ly  h e x a f l u o r o a c e t y l -  
a c e t o n e  formed a s u f f i c i e n t l y  s t a b l e  c h e l a t e  w i t h  b a r iu m  t o  a l l o w  
c o m p l e t e  e x t r a c t i o n  o f  t h e  b a r iu m  i n t o  an o r g a n i c  s o l v e n t .  A l l  
f u r t h e r  s t u d i e s  w ere  d i r e c t e d  toward  d e t e r m i n i n g  o p t i m a l  c o n d i t i o n s  
f o r  e x t r a c t i o n  and improvement o f  t h e  s e n s i t i v i t y  i n  a t o m ic  a b s o r p ­
t i o n  d e t e r m i n a t i o n .  The s t r u c t u r a l  f o r m u l a s  f o r  t h e  c h e l a t i n g  
a g e n t s  a r e  p r e s e n t e d  i n  F i g u r e  I)-.
FIGURE I* CHELATING REAGENTS FOR BARIUM
c  —
G l y o x a l - b i s ( 2 - hydroxyomi l )  E r i o c h r o m e  Bl ack T
F , C - C - C H 0 - C  -  CF-,
3  ii 2  ii 3
o  o
H e x a f  l u o r o a c e f y  l a c e  t o n e
Vr Y s 03H H 0 3 s y ^ , V  
OH HO
S u l f o n a z o  -  ZEEC ( Y = H )
D i m e i - h y l s u l f o n a z o - I L L  ( Y= ) 
D i m e t h y l s u l f o n a z o  — HE  DAL ( Y - C H ^  )
( * - S 0 2 N H C 6 H5 )
CHAPTER 5
AN EXTRACTION SYSTEM DESIGNED FOR AN OPTIMAL 
ATOMIC ABSORPTION SIGNAL
I t  was e v i d e n t  t h a t  h e x a f l u o r o a c e t y l  a c e t o n e  was e f f i c i e n t l y  
e x t r a c t i n g  b a r iu m .  The v a r i a b l e s  a f f e c t i n g  t h e  e x t r a c t i o n  s y s t e m  
w ere  s t u d i e d  i n  o r d e r  to  maximize t h e  a b s o r p t i o n  o f  b a r iu m  i n  t h e  
o r g a n i c  p h a s e .  F a c t o r s  known t o  i n f l u e n c e  t h i s  a b s o r p t i o n  w e r e :
( a )  S e l e c t i o n  o f  e i t h e r  t h e  g round  s t a t e  l i n e  a t  5535^ ° r  
t h e  e x c i t e d  s t a t e  l i n e  a t  k ^ k R .
( b )  S e l e c t i o n  o f  t h e  s o l v e n t  t h a t  g i v e s  opt imum s e n s i t i v i t y .
( c )  P r e s e n c e  o f  sodium o r  p o t a s s i u m  i n  t h e  o r g a n i c  s o l v e n t  
t o  s u p p r e s s  i o n i z a t i o n .
(d )  pH a t  w h ich  th e  e x t r a c t i o n  t a k e s  p l a c e .
( e )  C o n c e n t r a t i o n  o f  t h e  C h e l a t i n g  a g e n t .
( f )  C o n c e n t r a t i o n  f a c t o r  r e l a t i n g  t h e  volume o f  t h e  aqueous  
p h a s e  t o  t h a t  o f  t h e  o r g a n i c  p h a s e .
S o l v e n t
E x p e r i m e n t a l :
T w e n t y - f i v e  ml Ba2+ s o l u t i o n  100 p g / m l ,  was b u f f e r e d  
t o  a *pH o f  9 . 0  u s i n g  a 1 / 1 0  r a t i o  o f  NH4C1/NH40H.
*Ten ml o f  HFA ( 0 . 1  M) i n  s e l e c t e d  s o l v e n t  was added  
and t h e  s o l u t i o n  was a g i t a t e d  f o r  5 m i n u t e s .  The 
a b s o r p t i o n  f o r  t h e  aqueous  and f o r  t h e  o r g a n i c  p h ase  
was d e t e r m i n e d .
pH v a l u e  and r e a g e n t  c o n c e n t r a t i o n  had  b e e n  s u g g e s t e d  by 
Wes t r i c h . 70
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The r e s u l t s  a r e  p r e s e n t e d  i n  T a b l e  IV.
TABLE IV
EFFECT OF SOLVENT ON EXTRACTION AND ABSORPTION OF BARIUM
S o l v e n t (f0 A b s o r p t i o n PH
a f t e r  e x t r a c t i o no r g a n i c aqueous
amyl a c e t a t e 82 0 7-0
b u t y l  a c e t a t e 78 0 7 . 3
n - b u t y l  a l c o h o l ^7 k6 7 -3
e t h y l  p r o p i o n a t e 6 ^ 0 6 . 9
m e thy l  i s o b u t y l k e t o n e 70 0 7-3
A l l  o f  t h e  s o l v e n t s  u s e d ,  w i t h  t h e  e x c e p t i o n  o f  b u t y l  a l c o h o l  had 
g i v e n  c o m p le t e  e x t r a c t i o n .  T h e r e f o r e  t h e  c h o i c e  o f  s o l v e n t  d e ­
pended upon o t h e r  f a c t o r s .  Amyl a c e t a t e  had  g i v e n  t h e  g r e a t e s t  
enhancement  o f  s i g n a l .  I t s  s o l u b i l i t y  i n  w a t e r  i s  g i v e n  a s  0 . 2  m l /  
100 ml.  N-amyl a c e t a t e  was used  i n  t h e  above  s t u d i e s ,  b u t  i t  was 
l a t e r  found  t h a t  i s o - a m y l  a c e t a t e  gave c o m p a ra b le  r e s u l t s .  I s o ­
amyl a c e t a t e  was u sed  i n  a l l  f u r t h e r  s t u d i e s .
T h re e  f a c t o r s  s i m u l t a n e o u s l y  i n f l u e n c i n g  t h e  a b s o r p t i o n  o f  
b a r iu m  and i n t e r a c t i n g  w i t h  one a n o t h e r  had  t o  be i s o l a t e d  f o r  
s t u d y .  The s t u d y  o f  t h e  pH a t  w h ich  maximum e x t r a c t i o n  o c c u r r e d  
n e c e s s i t a t e d  t h e  u s e  o f  a sodium o r  p o t a s s i u m  b u f f e r  s y s t e m  t o
a t t a i n  a pH above 1 0 .  Sodium and p o t a s s i u m  b o t h  a c t e d  a s  i o n i z a ­
t i o n  s u p p r e s s e r s  and a l t e r e d  d r a s t i c a l l y  t h e  a b s o r p t i o n  s i g n a l .
The c h o i c e  o f  t h e  c h a r a c t e r i s t i c  w a v e l e n g t h  a t  w h ich  b a r iu m  a b s o rb e d  
was d e p e n d e n t  on w h e t h e r  a s y s t e m  was c h o s e n  t o  enhance  i o n i z a t i o n  
by r em ova l  o f  a l l  a l k a l i  e l e m e n t s  o r  t o  s u p p r e s s  i o n i z a t i o n  w i t h  t h e  
a l k a l i e s .  The s t u d i e s  w i l l  be p r e s e n t e d  s e p a r a t e l y  b u t  a r e  t o t a l l y  
d e p e n d e n t  on one a n o t h e r .
I o n i z a t i o n  S u p p r e s s i o n
The e f f e c t  o f  sod ium o r  p o t a s s i u m  on t h e  a b s o r p t i o n  o f  b a r iu m  
h a s  b e e n  d i s c u s s e d  i n  C h a p t e r  3 . The e x t e n t  o f  e x t r a c t i o n  o f  sodium 
and p o t a s s i u m  i n t o  t h e  o r g a n i c  s o l v e n t  had t o  be d e t e r m i n e d .  Ex­
t r a c t i o n s  a c c o r d i n g  t o  t h e  method p r e v i o u s l y  d e s c r i b e d  w ere  r e p e a t e d  
b o th  i n  t h e  p r e s e n c e  and a b s e n c e  o f  sodium and p o t a s s i u m .  A b so rp ­
t i o n  was m o n i to r e d  a t  b o th  t h e  a tom l i n e ,  ( 5 5 3 5 ^ ) j  an<3 t h e  i o n  l i n e  
(I+55I+S). The r e s u l t s  a r e  p r e s e n t e d  i n  F i g u r e  5- The s u p p r e s s i o n  
o f  t h e  i o n  l i n e  f rom  78$, t o  5^  i n t h e  p r e s e n c e  o f  1000 i+g/ml sodium 
and p o t a s s i u m  g i v e s  s t r o n g  e v i d e n c e  t h a t  e x t r a c t i o n  i s  o c c u r r i n g .
The enhancem en t  o f  t h e  g round  s t a t e  a b s o r p t i o n  f rom 1+2°/0 t o  1+8  ̂
s u p p o r t s  t h i s .  S i n c e  t h e  s i g n a l  a t  t h e  i o n  w a v e l e n g t h  was y i e l d i n g  
g r e a t e r  s e n s i t i v i t i e s  t h e  d e c i s i o n  was made t o  a t t e m p t  mask ing  th e  
e x t r a c t i o n  o f  b o t h  sodium and p o t a s s i u m .
Akaza71 had  s u c c e s s f u l l y  e x t r a c t e d  sodium and p o t a s s i u m ,  as 
p o l y i o d i d e s  i n t o  a s o l u t i o n  o f  n i t r o b e n z e n e .  When t h i s  e x t r a c t i o n  
was pe r fo rm e d  on a b a r iu m  s o l u t i o n  c o n t a i n i n g  e q u a l  q u a n t i t i e s  o f  
sodium and p o t a s s i u m ,  a l l  o f  t h e  p o t a s s i u m  was e x t r a c t e d ,  sodium
FIGURE 5 EFFECT OF SODIUM AND/OR POTASSIUM 
















4 5 5 4  A
5535  A
I
Ba IOO^g/ml Ba 100/z.g/ml 
Nd 1000/i.g/ml 
K 1000/ig/ml
was n o t  e x t r a c t e d  q u a n t i t a t i v e l y  and b a r iu m  was a l s o  e x t r a c t e d  i n t o  
t h e  n i t r o b e n z e n e .
The n e x t  a p p ro a c h  was t o  mask th e  sodium and p o t a s s i u m  i n  t h e  
aqueous  p h a s e .  L i t e r a t u r e  c o n t a i n e d  t h e  p o s s i b i l i t i e s  t h a t  a r e  
p r e s e n t e d  i n  T a b l e  V.
TABLE V
MASKING REAGENTS FOR POTASSIUM AND SODIUM
R e f e r e n c e P o t a s s i u m R e f e r e n c e Sodium
Jk d i p i c r y l a m i n e 72 z i n c  u r a n y l  a c e t a t e
72 h e x a n i t r o c o b a l t a t e p o t a s s i u m  h y d ro g e n  
a r s e n a t e
LT\
C- t e t r a p h e n y l  b o ro n
73 p i c r i c  a c i d 1 - a m i n o - 8 - n a p h t h a ­
l e n e  s u l f o n i c  
a c i d
7*i 2 - c h l o r o - J - n i t r o -
t o l u e n e - 5 -
s u l f o n i c  a c i d
7^ k ,6  , - d i n i t r o b e n z o -  
f u r o x a n
S i n c e  sod ium i s  so u n i v e r s a l l y  p r e s e n t  i n  aqueous  s y s t e m s ,
a t t e m p t s  w ere  made t o  mask sodium from e x t r a c t i n g .
E x p e r i m e n t a l :
T w e n t y - f i v e  ml o f  a Ba2"̂  s o l u t i o n ,  100 p>g/ml, was 
b u f f e r e d  t o  a pH o f  9 - 0  u s i n g  a 1 / 1 0  r a t i o  o f  NH4C I /  
NH4OH. The volume o f  th e  aqueous  s o l u t i o n  was made 
up t o  100 ml.  Ten ml o f  HFA 0 . 1  M i n  i s o a m y l a c e t a t e
43
was u sed  f o r  t h e  e x t r a c t i o n .  The e x t r a c t i o n s  
w e re  v a r i e d  a s  f o l l o w s :
e x t r a c t i o n  # 1 , n o t h i n g  was a d d e d ;
e x t r a c t i o n  # 2 , a sod ium s o l u t i o n  was added  to  g iv e  
a sod ium  c o n c e n t r a t i o n  o f  100 p-g/ml 
i n  aqueous  p h a s e ;  
e x t r a c t i o n  # 3 s z i n c  u r a n y l  a c e t a t e  was added  t o  a 
s o l u t i o n  i d e n t i c a l  t o  # 2 ; 
e x t r a c t i o n  , p o t a s s i u m  h y d r o g e n  a r s e n a t e  was
added  t o  a s o l u t i o n  i d e n t i c a l  to  # 2 .
R e s u l t s  :
The r e s u l t s  o f  t h e  e x t r a c t i o n s  a r e  p r e s e n t e d  i n  F i g u r e  6 .
The re  was no s i g n i f i c a n t  m a sk in g  o f  sodium by e i t h e r  r e a g e n t  w h i l e
ba r iu m  i t s e l f  was masked by t h e  z i n c  u r a n y l  a c e t a t e .
S i n c e  we had  t o  work  w i t h  s y s t e m s  c o n t a i n i n g  sodium and
p o t a s s i u m ,  t h e  d e c i s i o n  was made t o  u s e  t h e  g round s t a t e  r e s o n a n c e
l i n e  ( 5535$ )  and t o  add s u f f i c i e n t  a l k a l i  f o r  maximum s u p p r e s s i o n
o f  i o n i z a t i o n  o f  t h e  b a r iu m .
E x p e r i m e n t a l :
Two ml o f  a Ba2"*" s o l u t i o n ,  100 p ,g /m l , was b u f f e r e d  
w i t h  15 ml o f  b u f f e r .  A p o t a s s i u m  n i t r a t e  s o l u t i o n  
was added  t o  g i v e  t h e  d e s i r e d  c o n c e n t r a t i o n  o f  
p o t a s s i u m .  The s o l u t i o n  was d i l u t e d  to  50 ml > a n ^ 
e x t r a c t e d  w i t h  5 ml  HFA (1 M) i n  i soam yl  a c e t a t e .
R e s u l t s :
F i g u r e  J  p r e s e n t s  t h e  a b s o r p t i o n  f rom th e  e x t r a c t a n t s .  I t  i s  
e v i d e n t  t h a t  t h e r e  i s  no f u r t h e r  enhancem en t  o f  s i g n a l  a t  any c o n ­
c e n t r a t i o n  o f  p o t a s s i u m  above  1000 p-g/ml i n  t h e  aqueous  p h a s e .  A l l  
s u b s e q u e n t  e x t r a c t i o n s  w e re  c a r r i e d  o u t  w i t h  t h i s  c o n c e n t r a t i o n  o f
p o t a s s i u m .
F i g u r e  8 p r e s e n t s  t h e  r e s u l t s  o f  i n c r e a s i n g  t h e  sodium c o n c e n ­
t r a t i o n  i n  t h e  p r e s e n c e  o f  1000  l-ig/ml o f  p o t a s s i u m .  S i n c e  t h e r e
FIGURE 6 ABSORPTION OF BARIUM AND SODIUM IN PRESENCE 
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FIGURE 8 EFFECT OF SODIUM ON THE ABSORBANCE OF BARIUM IN 
THE PRESENCE OF 1 , 0 0 0  ( ig/ml POTASSIUM














0 . 1 0
0 .0 5
0
0  1 0  1 0 0  1 0 0 0  1 0 , 0 0 0  
Concentration of Sodium in a q u e o u s  phase  fLg/m\
k j
was no s i g n i f i c a n t  enhancem en t  o f  s i g n a l ,  t h e  p r e s e n c e  o f  sodium 
can  be i g n o r e d  i n  any  s y s t e m  c o n t a i n i n g  p o t a s s i u m  a t  1000 p ,g /m l . 
pH E x t r a c t i o n  Curve
pH s t u d i e s  w e re  i n i t i a t e d  u s i n g  an  NH4OH/NH4CI b u f f e r  and HC1 
t o  a d j u s t  t h e  pH. E x t r a c t i o n s  w ere  c o m p le t e d  f rom s o l u t i o n s  w i t h  a 
pH o f  5 ”10 w i t h  s i g n i f i c a n t  r e s u l t s .  A pH o f  10 was t h e  maximum 
o b t a i n a b l e  by t h e  u s e  o f  an  NH4OII s y s t e m .  T h e r e f o r e  e x t e n d e d  s t u d i e s  
r e q u i r e d  t h e  u s e  o f  NaOH w h ic h  e x t e n d e d  t h e  r a n g e  f rom  J - 1 2 .  B ecause  
t h e r e  was e r r a t i c  a b s o r p t i o n  d e p e n d e n t  on t h e  p r e s e n c e  o f  sod ium ,  th e  
i o n i z a t i o n  s u p p r e s s i o n  s t u d i e s  w e re  c o m p l e t e d ,  and i n d i c a t e d  t h e  need 
o f  a c o n s t a n t  c o n c e n t r a t i o n  o f  1000 p>g/ml p o t a s s i u m .
The e x t r a c t i o n  e x p e r i m e n t s  w ere  r e p e a t e d  on t h e  same b u f f e r e d  
s y s t e m s  d e s c r i b e d  a b o v e .  F u r t h e r  e x t r a c t i o n s  i n  t h e  p r e s e n c e  o f  K0H 
t o  g i v e  a pH above  10 w ere  c o m p l e t e d .  The c o m p l e x a t i o n  r e a c t i o n  i f  
n o t  b u f f e r e d  shows a l a r g e  d rop  i n  pH. To p r e v e n t  t h i s  pH d rop  h i g h  
c o n c e n t r a t i o n s  o f  K0H h a d  t o  be u s e d .  To k e e p  t h e  p o t a s s i u m  c o n ­
c e n t r a t i o n  c o n s t a n t  i n  a l l  e x t r a c t i o n s  1 5 ,0 0 0  p-g/ml was added  t o  
e a c h  s a m p le .  T h i s  r e s u l t e d  i n  a c l o g g i n g  o f  t h e  b u r n e r  by an  e n ­
c r u s t a t i o n  o f  s a l t .
Two phenomena w ere  i n t e r a c t i n g  i n  t h e  e x t r a c t i o n ;  t h e  e x t r a c ­
t i o n  o f  b a r iu m  and t h e  e x t r a c t i o n  o f  p o t a s s i u m .  In  o r d e r  to  s t u d y  
t h e  two s e p a r a t e l y  Ba133 t r a c e r  s t u d i e s  w e re  i n i t i a t e d .
E x p e r i m e n t a l :
Two ml o f  a Ba s o l u t i o n ,  100 j i g /m l ,  was added  t o  
3 ml o f  a p o t a s s i u m  a c e t a t e  s o l u t i o n ,  100 mg/ml.
The s o l u t i o n  was b u f f e r e d  w i t h  25 ml b u f f e r  to  
a t t a i n  t h e  d e s i r e d  pl-I. For  a pH o f  k -6  H0Ac/K0Ac 
was u s e d ;  f o r  a pH o f  9 " 1 1 j  NH4OH/NH4 C I ;  and f o r  a 
pH o f  1 2 - l U ,  K0H was u s e d .  The f i n a l  s o l u t i o n  was
kQ
d i l u t e d  t o  300 ml and e x t r a c t e d  w i t h  5 ml  HFA 
(1 M) i n  i s o a m y l  a c e t a t e  .
R e s u l t s :
I d e n t i c a l  e x t r a c t i o n s  w ere  c a r r i e d  o u t ;  i n  one s e r i e s  t r a c e r  
Ba133 was u s e d  and c o u n t s  w ere  t a k e n  w i t h  a S c i n t i l l a t i o n  C o u n t e r ;  
i n  t h e  o t h e r  s e r i e s  a s t a b l e  b a r iu m  i s o t o p e  was used  and a to m ic  
a b s o r p t i o n  s i g n a l s  w e re  r e c o r d e d .  The r e s u l t s  a r e  p r e s e n t e d  i n  
F i g u r e  9« I t  was c l e a r l y  e v i d e n t  t h a t  b a r iu m  was e x t r a c t i n g  com­
p l e t e l y  a t  e v e r y  pH, y e t  t h e  a t o m ic  a b s o r p t i o n  s i g n a l  i s  a f u n c t i o n  
o f  t h e  pH o f  e x t r a c t i o n .  T h i s  d ep e n d e n c e  was s u s p e c t e d  t o  be r e l a t e d  
t o  t h e  p o t a s s i u m  e x t r a c t i o n  f u n c t i o n .  A second  s e r i e s  o f  i d e n t i c a l  
e x t r a c t i o n s  was p e r f o r m e d  and m o n i t o r e d  f o r  p o t a s s i u m  a b s o r p t i o n  
(^1-OkoS) and b a r i u m  a b s o r p t i o n  The r e s u l t s  a r e  p r e s e n t e d  i n
F i g u r e  1 0 .  The c o n c l u s i o n  f o l l o w s  t h a t  t h e  a b s o r p t i o n  s i g n a l  of  
b a r iu m  i s  c l o s e l y  r e l a t e d  t o  t h e  e x t r a c t i o n  o f  p o t a s s i u m .
B u f f e r  C a p a c i t y
D u r i n g  th e  s t u d i e s ,  a d e c i d e d  d ro p  i n  pH d u r i n g  t h e  com plexa -
t i o n  r e a c t i o n  was n o t e d .  T h e r e f o r e  i t  became n e c e s s a r y  to  c o n t r o l
t h e  c o n c e n t r a t i o n  o f  t h e  b u f f e r  t o  s t a b i l i z e  t h e  pH. The f o l l o w i n g
e x t r a c t i o n s  d e t e r m i n e d  t h e  q u a n t i t y  o f  b u f f e r  n e e d e d .
E x p e r i m e n t a l :
S o l u t i o n s  <j>f 2 ml o f  100 p,g Ba2 /ml and 10 ml 
o f  10 mg K. /ml w e re  b u f f e r e d  w i t h  v a r y i n g  
am oun ts  o f  a b u f f e r  o f  NH40Ac(2  M)/NH40H(2 m) 
i n  t h e  r a t i o  o f  1 / 9 .  The s o l u t i o n s  w ere  d i l u t e d  
t o  100 ml and e x t r a c t e d  w i t h  5 ral  HFA (1 M).
The r e s u l t s  a r e  p r e s e n t e d  i n  T a b l e  VI.
FIGURE 9 EXTRACTION AND ABSORBANCE OF BARIUM AS 
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TABLE VI
BUFFER CONCENTRATION NEEDED FOR CONSTANT pH
V ol .  o f  b u f f e r  (ml)  pH b e f o r e  e x t r a c t i o n  pH a f t e r  e x t r a c t i o n
10 1 0 .6 9 . 6
20 i o . 6 1 0 .0
40 1 0 .6 1 0 .2
6o i o . 6 1 0 .3
8 0 i q . 6 1 0 .4
To m a i n t a i n  a pH o f  1 0 ,  i t  i s  n e c e s s a r y  t o  use  a r a t i o  of  1 to  5>
b u f f e r  t o  t o t a l  vo lume o f  s o l u t i o n .
C o n c e n t r a t i o n  o f  HFA needed
E x p e r i m e n t a l :
One ml o f  a s o l u t i o n  o f  10 p,g Ba2 /ml was combined 
w i t h  30 ml o f  a s o l u t i o n  o f  10 mg K+ /ml and 60 ml 
o f  t h e  b u f f e r  s o l u t i o n  d e s c r i b e d  p r e v i o u s l y .  The 
t o t a l  s o l u t i o n  was d i l u t e d  t o  300 ml and e x t r a c t e d  
w i t h  5 ml p o r t i o n s  o f  HFA i n  i s o a m y l a c e t a t e  of  
v a r y i n g  c o n c e n t r a t i o n s .
The r e s u l t s  a r e  p r e s e n t e d  i n  T a b l e  V I I .
TABLE V II
CONCENTRATION OF HFA
C o n c e n t r a t i o n  of  HFA A b s o r p t i o n
.05  M 0
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TABLE V I I  ( c o n t i n u e d )




1 . 0 M 9/o
The c o n c e n t r a t i o n  o f  HFA s h o u ld  be m a i n t a i n e d  a t  1 . 0  M. 
C o n c e n t r a t i o n  F a c t o r
One a s p e c t  o f  t h e  method r e m a in e d  t o  be d e t e r m i n e d ;  t h e  d i l u ­
t i o n  f rom  w h ic h  t h e  s y s t e m  was a b l e  t o  e x t r a c t  e f f i c i e n t l y .  The
e f f i c i e n c y  o f  e x t r a c t i o n  would  be d e p e n d e n t  e s p e c i a l l y  upon  two 
f a c t o r s ,  t h e  c o n c e n t r a t i o n  f a c t o r  o r  t h e  r a t i o  o f  t h e  volume o f  t h e  
o r g a n i c  p h a s e  t o  t h e  aqueous  p h ase  and s e c o n d l y  t h e  minimum c o n c e n ­
t r a t i o n  f rom  w h ich  b a r iu m  can  be e x t r a c t e d .
E x p e r i m e n t a l :
Two ml o f  a s o l u t i o n  o f  1 2 . 5  M-8 Ba2+ /ml was d i l u t e d
t o  25 m l ,  50 ml ,  100 m l ,  200 ml and 1 , 0 0 0  ml.  Each
sam ple  was made 1 , 0 0 0  p g /m l  i n  p o t a s s i u m .  S u f f i c i e n t  
b u f f e r  was i n c l u d e d  t o  a t t a i n  a r a t i o  o f  1 :5>  b u f f e r  
t o  t o t a l  vo lum e.  E x t r a c t i o n  was done w i t h  HFA i n  
i s o a m y l  a c e t a t e .  I f  t o t a l  e x t r a c t i o n  to o k  p l a c e  
t h e  a b s o r p t i o n  s i g n a l  would  be c o n s t a n t  s i n c e  th e  
w e i g h t  o f  b a r iu m  used  had been  c o n s t a n t .
T h re e  s e t s  o f  e x t r a c t i o n s  w ere  c o m p le te d  w i t h  t h e  r e s u l t s  as
p r e s e n t e d  i n  T a b l e  V I I I  and F i g u r e  1 1 .
TABLE V III
EXTRACTION FROM MINIMUM CONCENTRATION 
AND MAXIMUM DILUTION
HFA
C o n c e n t r a t i o n  Volume Cone.  ^ . A b s o r p t i o n
f a c t o r  ( m l ) (m )
U sing  2 ml o f  1 2 . 5  M-g Ba2 + /ml
25 1 .0 0  5 :1 5 0 . 3 7-5
50 0 .5 0  1 0 :1 5 0 . 3 7-5
. 100 0 .2 5  2 0 :1 5 0 .3 8 .0
200 0 .1 2 5  k0 : l 5 0 . 3 6 .0
1 ,0 0 0 0 .0 2 5  2 0 0 :1 5 0 . 3 0 .0
U s ing  2 ml o f  1 2 . 5  P-g Ba2+/ml
100 0 .2 5  2 0 :1 5 1 .0 1 5 .5
200 0 .1 2 5  ij-0 : l 5 1 .0 1 6 .0
300 0 . 0 8 3  6 0 : 1 5 1 .0 1 6 .0
U o o 0 .0 6 2  8 0 :1 5 1 .0 1U.0
500 0 .0 5 0  1 0 0 :1 5 1 .0 1 1 .0
U s in g  1 ml 10 | ig Ba2 + /ml
20 0 . 5  ^ : 1 5 1 .0 5 .0
30 0 .3 3  6 :1 5 1 .0 k.o
50 0 .2 0  1 0 :1 5 1 .0 k.o
100 0 .1 0  2 0 :1 5 1 .0 k.o
200 0 .0 5  U0 :1 5 1 .0 k.o
300 0 .0 3  6 0 :1 5 1 .0 k.o
Ba2"̂
T o t a l  Volume Cone,  
( m l ) Wg/ml
FIGURE 11  MINIMUM CONCENTRATION AT WHICH EXTRACTION OF
BARIUM IS TOTAL
A HFA ( 0 . 3  M)
t o t a l  Bar ium 2F> |jbg
B HFA ( 1 . 0  M)
t o t a l  Bar ium  25 pg
C HFA ( 1 . 0  M)















0 . 02 5  0.125 0 . 2 5  0 . 5
C o n c e n t r a t i o n  o f  B a r i u m  fig/ml  ^ min
c o n c e n t r a t i o n
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C o n c l u s i o n
These  s t u d i e s  showed t h a t  e x t r a c t i o n  was c o m p le t e  down t o  a 
c o n c e n t r a t i o n  o f  0 .0 3  M'g/ml, when a c o n c e n t r a t i o n  f a c t o r  o f  6 0 :1  
was u sed  and t h e  c o m p le x in g  r e a g e n t  had  a 1 M c o n c e n t r a t i o n .
CHAPTER 6
A SENSITIVE, SELECTIVE METHOF FOR DETERMINATION 
OF BARIUM IN TRACE CONCENTRATIONS 
IN AQUEOUS SYSTEMS
S o l u t i o n s :
H e x a f l u o r o a c e t y l a c e t o n e  (1 M)
3 ^ .9  ml  (5 2 .0  g)  w e re  d i l u t e d  t o  250 ml w i t h  isoam yl  
a c e t a t e .  The r e a g e n t  was o b t a i n e d  from Columbia  O rg a n ic  
C h e m i c a l s ,  I n c .  and u sed  w i t h o u t  p u r i f i c a t i o n .  I t  i s  h i g h l y  
v o l a t i l e  and i r r i t a t i n g  t o  t h e  r e s p i r a t o r y  t r a c t  i f  i n h a l e d .  
A d e q u a te  v e n t i l a t i o n  i s  n e c e s s a r y  when i t  i s  u s e d .
B u f f e r  s o l u t i o n  (pH o f  1 0 . M
55 ml o f  NH40Ac (2 M) was added t o  500 ml o f  NH4OH (2 M). 
P o t a s s i u m
2 5 .O g p o t a s s i u m  a c e t a t e  was d i s s o l v e d  i n  1 l i t e r  o f  
s o l u t i o n  f o r  a s t o c k  s o l u t i o n  of  10 mg/ml.
Bar ium  s t a n d a r d  s o l u t i o n
1 .9 0  g o f  r e a g e n t  g r a d e  b a r iu m  n i t r a t e  was d i l u t e d  t o  1 
l i t e r  t o  g i v e  a s t o c k  s o l u t i o n  o f  1 mg b a r iu m /m l .
I n t e r f e r e n c e  C a t i o n s  and Anions
S t o c k  s o l u t i o n s  o f  10 mg/ml c o n c e n t r a t i o n  w ere  u sed  as  
recommended by W e s t . 76 
A p p a r a t u s :
P e r k i n  Elmer  303 ~ Atomic  A b s o r p t i o n  S p e c t r o p h o t o m e t e r  
eq u ip p e d  w i t h  a P e r k i n  E lmer R e c o r d e r  R e a d o u t ,  and Texas
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I n s t r u m e n t s  -  S e r v o r i t e r  I I .  T r i - F l a m e  L a m in a r - f l o w  B u rn e r  from 
J a r e l l - A s h .  Hoke F u e l  Flow M e t e r .
P r o c e d u r e :  E x t r a c t i o n
T r a n s f e r  an  a c c u r a t e l y  measured  volume o f  s t a n d a r d  o r  sample  
b a r i u m  s o l u t i o n  t o  a 500 ml s e p a r a t o r y  f u n n e l .  Add 50 ml o f  
NH4OAC/NH4.OH b u f f e r  s o l u t i o n .  Add 30 ml o f  p o t a s s i u m  s t o c k  s o l u ­
t i o n .  D i l u t e  t o  300 ml.
Add 5 ml HFA (1 M) s o l u t i o n *  and a g i t a t e  f o r  1 m i n u t e .  Allow 
t h e  p h a s e s  t o  s e p a r a t e .  Read t h e  a b s o r b a n c e  o f  t h e  o r g a n i c  p h a s e .  
Atomic  A b s o r p t i o n
The h o l l o w  c a t h o d e  lamp f o r  b a r iu m  was o p e r a t e d  a t  30 mA^. A 
s l i t  w i d t h  s e t t i n g  o f  3 ( ^ )  and a n o i s e  s u p p r e s s i o n  o f  3 were  u s e d .  
R e a d i n g s  w e re  t a k e n  a t  5535^3 f h e p o s i t i o n  o f  t h e  b a r iu m  r e s o n a n c e  
l i n e .
A n i t r o u s  o x i d e - a c e t y l e n e  f lam e  was u sed  and w h i l e  
a s o l u t i o n  was a s p i r a t e d  i n t o  t h e  f l a m e ,  t h e  a c e t y l e n e  f low  was 
a d j u s t e d  t o  y i e l d  t h e  maximum s i g n a l .  On t h e  Hoke f low  m e t e r ,  t h i s  
f lo w  was u s u a l l y  a b o u t  18 u n i t s  f o r  a c e t y l e n e  f low  and 9 u n i t s  f o r  
n i t r o u s  o x id e  f l o w ,  and r e s u l t e d  i n  a r e d  f e a t h e r  zone a p p r o x i ­
m a t e l y  1 . 5  mm h i g h .  The h e i g h t  o f  t h e  b u r n e r  was a d j u s t e d  so  t h e
When t h e  HFA s o l u t i o n  i s  added  t o  t h e  b u f f e r e d  s o l u t i o n ,  a 
w h i t e  smoke r e s u l t s  due t o  t h e  r e a c t i o n  be tw ee n  t h e  f l u o r i n e  o f  t h e  
HFA and t h e  ammonia v a p o r .  T h i s  w h i t e  v a p o r  i s  d i s s o l v e d  upon 
a g i t a t i o n  and was n o t  found t o  i n t e r f e r e  w i t h  t h e  e x t r a c t i o n .
$ I t  was o r i g i n a l l y  o p e r a t e d  a t  20 mA r e s u l t i n g  in  an e x ­
c e s s i v e l y  n o i s y  s i g n a l .  When th e  c u r r e n t  was i n c r e a s e d  t h e  n o i s e  
d i m i n i s h e d .
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beam p a s s e d  t h r o u g h  t h e  f lam e  a b o u t  l A  cm above t h e  b u r n e r .
A f i v e  m i n u te  warm up p e r i o d  was a l lo w e d  a f t e r  l i g h t i n g  th e  
b u r n e r  s i n c e  i t  was found t h a t  th e  s i g n a l  i n c r e a s e d  p r o g r e s s i v e l y  
d u r i n g  t h a t  t i m e .
C a l i b r a t i o n  Curve
When t h e  above  p r o c e d u r e  was used  on s t a n d a r d  s o l u t i o n s  o f  b a r iu m  
r a n g i n g  f rom 0 .0 1 5  j-ig/ml - 1 .0  pg /m l  th e  c a l i b r a t i o n  c u r v e  p r e ­
s e n t e d  i n  F i g u r e  12 and F i g u r e  13 was o b t a i n e d .
The s e n s i t i v i t y  m easured  from th e  c o n c e n t r a t i o n  i n  t h e  aqueous  
p h a s e  i s  0 . 0 0 5  | i g / m l / l ^  a b s o r p t i o n .  The d e t e c t i o n  l i m i t ,  w i t h  a
0 . 5^  n o i s e  l e v e l ,  i s  0 .0 0 5  p g /m l  t o  g i v e  a s i g n a l  tw ic e  t h e  n o i s e  
l e v e l .
F i v e  s e p a r a t e  e x t r a c t i o n s  o f  b a r iu m  were  p e r fo rm e d  a t  0 . 1  p g /m l  
c o n c e n t r a t i o n .  R e s u l t s  a r e  p r e s e n t e d  i n  T ab le  IX.
TABLE IX 
PRECISION OF METHOD
Ba t a k e n Ba found
0 .1 0 0  pg /m l 0 .1 0 0  pg /m l
0 .1 0 0  pg /m l 0 .1 0 0  pg /m l
0 .1 0 0  pg /m l 0 .0 9 9  pg /m l
0 .1 0 0  pg /m l 0 .1 0 0  pg /m l
0 .1 0 0  pg /m l  
R e l a t i v e  S t a n d a r d  D e v i a t i o n  0 . 7 ^
0 .1 0 1  p g /m l















0.05 0.! 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Concentrat io  n of Barium // .g/ml







0.0 2 0.03 0.08 0.090.04 0.05 0.06 0.07 0.10.01
Concent ration of  Barium /xg/ml
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I n t e r f e r e n c e  S t u d i e s
E x t r a c t i o n s  were  c a r r i e d  o u t  by means o f  t h e  p r o c e d u r e  d e s c r i b e d  
p r e v i o u s l y  f rom s o l u t i o n s  c o n t a i n i n g  0 .1  ( ig/ml b a r iu m  and t h e  i n ­
t e r f e r i n g  i o n  a t  100 p,g/ml.  The r e s u l t s  a r e  p r e s e n t e d  i n  T a b l e  X.
TABLE X
INTERFERENCES AT BARIUM CONCENTRATION OF 0 . 1  |J,g/ml
I n t e r f e r -  Cone,  o f
i n g  Ion  I n t e r f e r ­
i n g  Io n  
p,g/ml
Ba^ I n t e r f e r -
found i n g  Io n
M-g/ml
p+
Cone,  o f  Ba
I n t e r f e r -  found
in g  Ion
p-g/ml |0,g/ml
Group I  
. +






























0 . 1 0 2
0 .1 0 2
0 .1 0 2
0.102
0.102
0 .0 9 0
O.O67
O.O89
0 .0 9 3
Cac=+
3+Zn"




Group I I I  
B02 " 
















0 .1 0 0
0 .1 0 1
0 .1 0 0
0 .1 0 0
0 .1 0 1
0 .1 0 0
0 .1 0 1
0 .0 9 7
0 .1 0 0
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TABLE X (c o n t in u e d )
J -
I n t e r f e r -  Cone,  o f  Ba2 
i n g  I o n  I n t e r f e r -  found
i n g  Io n
fj,g/ml Mig/ml
Group IV
c o 3 2 "  l o o  0 . 0 9 6
S i 03 2 “ 1 0 0  O . O 9 6
Ge032 “ 100 O.O96
Sn4+  100 0 . 1 0 0
Pb2+ 100 0 . 0 6 ^
Group V
NH4+ 100 0 . 1 0 0
N0 2 ~ 1 0 0  0 . 1 0 6
N03 " 100 0 . 1 0 0
hpo42 " 1 0 0  0 . 0 9 1
V03 “ 1 0 0  0 . 1 0 6
HAs042 " 1 0 0  0 . 1 0 6
p 2 o 7 4 "  1 0 0  0 . 0 8 5
Sb5+ 1 0 0  O . O 9 8
B i s +  100 0 . 0 9 7
Group VI
s 2 “  1 0 0  0 . 1 0 ) +
S2032 " 100 0 . 1 0 2
S032 " 100 O.lOlt-
I n t e r f e r -  Cone,  o f  Ba2+
in g  I o n  I n t e r f e r -  found
in g  Ion
pg/m l  pg /m l
Group VI ( c o n t i n u e d )
S04 2“ 100 0 . 1 0 0
Cr3+ 100 O.O78
Cr042 “ 100 0 . 1 0 2
Se032 "* 100 0.10U
Se042 “ 100 0 . 1 0 0
Mo0 42 “ 100 0 .1 0 1
Te032 “ 100 0.10)+
W04 2" 100 0 . 10b
wo2 2+ 100 0 .0 3 2
Group V I I
F" 100 0 .1 0 1
C l“ 100 0 .1 0 1
C103“ 100 0 .1 0 1
C104" 100 0 .1 0 1
Mn2+ 10 O.Oi+2
Br“ 100 0 . 1 0 1
B r03" 100 0 . 1 0 1
i "  100 0 .1 0 1
io 3 " 100 0 .1 0 1
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TABLE X ( c o n t i n u e d )
I n t e r f e r ­
i n g  I o n
Cone,  o f  
I n t e r f e r ­
i n g  Ion  
p g /m l
Ba2+
found
p g /m l
I n t e r f e r ­
i n g  I o n
Cone,  o f  
I n t e r f e r ­





Group V I I I M i s c e l l a n e o u s  ( c o n t i n u e d )
3+
Fe3 10 0 .0 2 8 m a lo n a te 100 O.O98
p+
Co2 10 0 .0 9 3 EDTA 100 0 . 0 0 0
N i2 10 0 .0 9 3 t a r t r a t e 100 O.O96
M i s c e l l a n e o u s c i t r a t e 100 0 . 0 9 5
CNS~ 100 0 .0 9 2 g l u c o n a t e 100 0 .1 0 1
o x a l a t e 100 O.O97 cn" 100 0 . 0 9 8
Masking was a t t e m p t e d  w i t h t h o s e  i o n s  w hich gave s i g n i f i c a n t
i n t e r f e r e n c e i n  t h e  above t e s t s . These  r e s u l t s  a r e  p r e s e n t e d i n
T a b l e  XI.
TABLE XI
INTERFERENCE IN PRESENCE OF MASKING AGENTS AT 
BARIUM CONCENTRATION OF O.lOO pg /m l
I n t e r f e r -  Cone,  of  Masking A gen t  Cone,
i n g  Ion  I n t e r f e r -  Masking
i n g  Ion  Agent
US/™! pg /m l
Be2+ 100 f l u o r i d e  500 O.O t̂-5



















Al3+ 100 tartrate 100
a i 3+ 100 fluoride 500 0 .0 5 9
a i 3+ 100 gluconate 300 0 .0 8 0
Pb2+ 100 tartrat® 100 0.10U
Fes+ 100 cyanide 100 0 . 0 1 1
Fe3+ 100 cyanide TOO 0 .0 1 7
Fe3+ 100 gluconic acid 300 0.01J+
Fes+ 100 citrate 100 0 .0 0 7
Fe3+ 100 tartrate 100 0 . 0 3 3
Fe3+ 10 cupferron 100 0 .0 3 1





0 .0 3 1  
0 .0 6 6
Fes+ 10 sodium diethyl- 
dithio carbamate
0.03M 0 .0 9 3
Fe3+ 50 ii 0.03M 0 .0 9 6
Fe3+ 100 n 0.03M 0 .0 7 3
Co3+ 100 tartrate 100 0 .0 8 2
Ni2 "1 100 cyanide 100 0 . 0 7 1!-
Ni2+ 100 tartrate 100 0 .0 5 7
65
o+ o+ o+ 0+T h i s  method c a n  t o l e r a t e  Be2 , Mg2 , A l 3 and  Co2 a t  t h e  
h u n d r e d - f o l d  l e v e l .  Among t h e  o t h e r  common i o n s  t e s t e d  o n l y  Cr3*
and  Mn2+ gave  s i g n i f i c a n t  i n t e r f e r e n c e  a t  t h e  t h o u s a n d - f o l d  l e v e l .
+  oH~
T a r t r a t e  was u sed  t o  mask t h e  Pb2 i n t e r f e r e n c e  and Fe was
masked w i t h  d i e t h y l d i t h i o  c a r b o m a t e .
Summary
A s e n s i t i v e ,  s e l e c t i v e ,  s im p l e  method f o r  t h e  d e t e r m i n a t i o n  o f  
b a r i u m  i n  aqueous  s y s t e m s  h a s  b e e n  d e v e l o p e d .  The c o m b i n a t i o n  o f  
t h e  s o l v e n t  e x t r a c t i o n  o f  t h e  b a r i u m - h e x a f l u o r o a c e t y l a c e t o n a t e  i n t o  
i s o a m y l  a c e t a t e  w i t h  t h e  d e t e r m i n a t i o n  by a t o m i c  a b s o r p t i o n  h a s  i n ­
c r e a s e d  t h e  s e n s i t i v i t y  p r e v i o u s l y  a t t a i n e d  by a t o m i c  a b s o r p t i o n  by 
a f a c t o r  o f  two o r d e r s  o f  m a g n i tu d e  f rom 0 . 3  M*g/ml/$> t o  0 .0 0 5  M-g/ml/ $ .  
F u r t h e r m o r e  t h i s  method p r e s e n t s  a s im p l e  q u i c k  method o f  d e t e r ­
m in in g  b a r iu m  a t  c o n c e n t r a t i o n s  a s  low a s  0 . 0 1 5  [Jig/ml. T h i s  i s  
w i t h i n  t h e  r a n g e  o f t e n  found  i n  n a t u r a l  w a t e r s .
I t  h a s  b een  shown t h a t  t h e  u s e  o f  a h i g h  c o n c e n t r a t i o n  o f  
p o t a s s i u m  i n  t h e  aqueous  s y s t e m  im proves  t h e  s e n s i t i v i t y .  The 
p o t a s s i u m  i s  c o e x t r a c t e d  w i t h  t h e  b a r iu m ;  i t  a c t s  t o  s u p p r e s s  th e  
i o n i z a t i o n  and en h an c e  t h e  a b s o r p t i o n  o f  b a r iu m .
A t  p r e s e n t  t h e r e  a r e  few a c c e p t a b l e  me thods  o f  a d d i n g  p o t a s s i u m  
t o  an  o r g a n i c  s o l v e n t  f o r  u s e  i n  a t o m ic  a b s o r p t i o n .  F u r t h e r  s t u d y  
i s  n e c e s s a r y  t o  d e t e r m i n e  w h e t h e r  p o t a s s i u m  c a n  be added  t o  any 
s o l v e n t  by means o f  i t s  h e x a f l u o r o a c e t y l a c e t o n e  fo rm .
F u r t h e r  s t u d i e s  a r e  p r o p o s e d  t o  d e t e r m i n e  t h e  f e a s i b i l i t y  o f  
t h e  s i m u l t a n e o u s  e x t r a c t i o n  o f  a g roup o f  m e t a l s  i n  t h e  fo rm o f
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t h e i r  h e x a f l u o r o a c e t y l a c e t o n a t e  c o m p le x e s .  The d a t a  o b t a i n e d  t h u s  
f a r  i n d i c a t e s  t h a t  o t h e r  m e t a l s  a r e  c o e x t r a c t i n g .
S u l p h o n a z o - I I I  h a s  been  shown t o  a c t  a s  a s e l e c t i v e  r e a g e n t  
f o r  t h e  s p e c t r o p h o t o m e t r i c  d e t e r m i n a t i o n  o f  b a r iu m .  F u r t h e r  s t u d i e s  
a r e  s u g g e s t e d  t o  d e t e r m i n e  t h e  a d a p t a b i l i t y  o f  t h i s  r e a g e n t  t o  the  
s p o t  t e s t  and t h e  r i n g  oven  method o f  a n a l y s i s .
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